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Mineralogy, composition, and alteration of Mars Pathfinder rocks
and soils: Evidence from multispectral, elemental, and magnetic data
on terrestrial analogue, SNC meteorite, and Pathfinder samples
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Abstract. Major element, multispectral, and magnetic properties data were obtained at Ares
Vallis during the Mars Pathfinder mission. To understand the compositional, mineralogical, and
process implications of these data, we obtained major element, mineralogical, and magnetic data
for well-crystalline and nanophase ferric minerals, terrestrial analogue samples with known
geologic context, and SNC meteorites. Analogue samples include unaltered, palagonitic, and
sulfatetic tephra from Mauna Kea Volcano (hydrolytic and acid-sulfate alteration), steam vent
material from Kilauea Volcano (hydrolytic alteration), and impactites from Meteor Crater
(relithification). Salient results for Mars Pathfinder include: (1) Band depths BD530b and BD600
and the reflectivity ratio R800/R750 are consistent with the dominant ferric mineral being
nanophase ferric oxide associated with an unknown amount of H,O and occurring in composite
particles along with subordinate amounts of other ferric minerals. Hematite and hematite plus
nanophase goethite are most consistent with the data, but maghemite, akaganéite, schwertmannite,
and nanophase lepidocrocite are also possible interpretations. Ferric oxides that are consistently
not favored by the data as sole alteration products are jarosites and well-crystalline goethite and
lepidocrocite. (2) The strength of the ferric adsorption edge (R750/R445) implies the Fe**/Fe**
values for Pathfinder rock and soil are within the ranges 0.7-3 and 3-20, respectively. (3) Ferrous
silicates are indicated for subsets of Pathfinder rocks and soils. One subset has a band minimum
near 930 nm that can attributed to low-Ca pyroxene. Alternatively, the band could be a second
manifestation of certain ferric oxides, including nanophase goethite, maghemite, akaganéite, and
schwertmannite. Another subset has a negative spectral slope from ~800 to 1005 nm which could
result from the high-energy wing of a high-Ca pyroxene and/or olivine band, a mixture of bright
and dark materials, and, for rocks, thin coatings of bright dust on dark rocks. (4) Chemical data on
Pathfinder rocks and soils are consistent with two-component mixtures between an “andesitic”
rock with low MgO and SO, concentrations (soil-free rock) and a global, basaltic soil with high
MgO and SO, concentrations (rock-free soil). Pathfinder rock-free soil can be modeled as a
chemical mixture of SNC meteorites and the Pathfinder soil-free rock. (5) Pathfinder soil cannot
be obtained by chemical alteration of Pathfinder rocks by any of the hydrolytic and acid-sulfate
alteration processes we studied. Presumably, global mixing has obscured and possibly erased the
elemental signatures of chemical alteration. (6) The strongly magnetic phase in palagonitic and
sulfatetic tephra is titanomagnetite and possibly its oxidation product titanomaghemite (Fe-Ti
spinels). The saturation magnetization of the tephra samples (0.5-2.0 Am*Xkg) is at or below the
low end of the range inferred for Martian dust (442 Am?kg), implying that lithogenic Fe-Ti
spinels are a possible candidate for the Martian strongly magnetic phase. (7) The predominantly
palagonitic spectral signature and magnetic nature of Martian soil and dust are consistent with
glassy precursors with imbedded Fe-Ti spinel particles. Comparison with lunar glass production
rates suggests that production of sufficient quantities of glassy materials on Mars by volcanic and
impact processes is sufficient to account for these observations.
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and oxyhydroxysulfates because they are important indicators of
formation pathways in the terrestrial alteration environment [e.g.,
Cornell and Schwertmann, 1996]. We report laboratory data for
five categories of samples: (1) synthetic and naturally occurring
ferric minerals that are possible Martian alteration products; (2)
volcanic tephra and samples from active steam vents from the
island of Hawaii whose alteration products imply hydrolytic,
sulfuric, and hydrochloric alteration processes; (3) Meteor Crater
impactites that contain phases whose elements came from both
target and impactor; (4) SNC meteorites, which contain ferrous
minerals that are likely present on the Martian surface; and (5)
basaltic rocks with alteration rinds and freshly broken surfaces.
We analyzed many samples that have the same ferric mineralogy
in order to determine the natural variations in characterizing
physicochemical parameters, because uniqueness in mineral
identification (the real challenge for natural samples with
complex assemblages) is a function of both the average parameter
value and its standard deviation [e.g., Scheinost et al., 1998].
Similarly, we analyzed many tephra samples from nominally the
same alteration regime in order to characterize the natural
variation in elemental, spectral, and magnetic data that result from
different degrees of alteration and/or from the formation of
different alteration products as environmental condi-tions change
(e.g., temperature and pH). The diversity of ele-mental and,
especially, spectral data for rocks and soils at the Pathfinder site is
well documented [Smith et al., 1997a; Rieder et al., 1997,
McSween et al., 1999; Bell et al., this issue], and comparing this
diversity to that of known terrestrial alteration regimes provides
additional clues for the nature of alteration processes on Mars.

The ferric minerals we studied are oxides (hematite a-Fe;O3
and maghemite y-Fe;O3), oxyhydroxides (goethite a-FeOOH,
lepidocrocite y-FeOOH, akaganéite B-FeOOH, and ferrihydrite
~Fe,03-9/5H,0), and oxyhydroxysulfates (jarosite
(K,Na,H30)Fe3(S04)2(OH)e and schwertmannite
(Fe16016(OH)y(SO4),-nH,0)) that form as terrestrial alteration
products and have been suggested as possible alteration products
on Mars [e.g., Gibson, 1970; Hargraves et al., 1979; Burns, 1986,
1988; Morris et al., 1989, 1996, 1997; Coey et al., 1990; Banin et
al., 1993; Murchie et al., 1993; Bishop et al., 1993; Bishop and
Murad, 1996; Morris and Golden, 1998; Madsen et al., 1999].
For conven-ience, we will use the term “ferric oxide” to refer to
the aggre-gate of these minerals. Various lines of evidence,
including the width of X-ray diffraction lines and the temperature
dependence of Mdossbauer spectra, show that all these ferric
oxides (except ferrihydrite and schwertmannite) occur in natural
environments as discrete particles or as components of composite
particles in both poorly crystalline and well-crystalline forms.
Ferrihydrite and schwertmannite occur as discrete particles and as
compon-ents of composite particles in only poorly crystalline
forms [e.g., Cornell and Schwertmann, 1996]. Our sample suite,
which includes both synthetic and natural samples, was chosen to
represent the possible range in crystallinity appropriate for each
mineral. Spectral data for ferric phases are important primarily
for fixing the position of mineralogically diagnostic spectral
features (e.g., reflectivity minima and maxima) and thus for
identification of specific minerals from Pathfinder multispectral
data. Less mineralogically specific, but also important, is
recognition of Pathfinder wavelengths where there are large
differences in reflectivity for certain combinations of phases.
Magnetic data for ferric phases also constrain mineralogy because
Martian soil is known to contain a magnetic component [e.g.,
Madsen et al., 1999].
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Tephra samples from Mauna Kea Volcano (Hawaii) consist of
unaltered basaltic (hawaiitic) tephra and altered tephras derived
from the volcano by hydrolytic (breaking of bonds and adding the
elements of water) and sulfuric (breaking of bonds and adding
sulfate, SO4-2) alteration processes. Our sample set includes
palagonitic tephras (from hydrolytic alteration) from this locale
that are well-documented spectral analogues of Martian bright
regions [e.g., Singer, 1982; Morris et al., 1990, 1993, 1997]. We
analyzed tephras altered by sulfuric activity on Mauna Kea
because the high abundance of sulfur in Martian soil (~6-8% as
SO3 [Clark et al., 1982; Rieder et al., 1997]) suggests that
sulfuric alteration processes might be prevalent on the Martian
surface [e.g., Burns, 1988; Burns and Fischer, 1990a,b; Bishop
and Murad, 1996; Morris et al., 1996; Banin et al., 1997]. We
alse have samples of highly altered basaltic material from active
steam vents (hydrothermal hydrolytic alteration) at Sulfur Bank
and Mauna Uluy, Kilauea Volcano (Hawaii). The sample from a
now quiescent steam vent at Mauna Ulu is the only one we have
of basaltic material that has undergone hydrochloric (breaking of
bonds and adding the elements of HCI) alteration processes.
Multispectral, magnetic, and elemental data from these altered
volcanic samples are important for understanding the nature and
diversity of ferric alteration products that are possible from
hydrolytic, sulfuric, and hydrochloric alteration processes on
Mars.

In contrast to the usual situation where igneous mineral
assemblages are precursors to secondary mineral assemblages,
Meteor Crater impactites are examples of igneous-like assem-
blages (basaltic glass, pyroxene, and olivine) that formed from
sedimentary target materials (sandstone and dolomitic limestone)
and projectile material. Multispectral, magnetic, and elemental
data from these impactites are important for understanding the
nature of igneous-like assemblages that can be derived from
sedimentary material by this impact-driven “relithification”
process. )

SNC meteorites are igneous rocks that are generally con-
sidered to have crystallized from molten lava on Mars [e.g.,
McSween, 1985, 1994, and references therein] and are not altered
Martian surface material. We report spectral data for each
compositional class of SNC meteorites except dunite (lherzolite,
basalt, clinopyroxenite, and orthopyroxenite). The data are used
primarily as indicators of which spectral features in Pathfinder
multispectral data might be associated with ferrous minerals,
especially low-Ca and high-Ca pyroxenes. Elemental data are
reported by Lodders [1998].

Analyses of rocks with alteration rinds provide data on the
proportion of material within rinds that is actually altered and the
fraction of probing radiation that is returned to spectral and
elemental analyzers from the rinds themselves and from the
underlying rock. If rinds are present and are chemically and
mineralogically different from underlying rock, it is possible that
Mars Pathfinder multispectral and elemental data for rocks are
decoupled in the sense that they represent analyses of different
materials. The magnitude of decoupling depends on rind thick-
ness and the sampling (penetration) depths of exciting radiations.
Conceivably, a rind that is optically thick could be relatively thin
with respect to transmission of X rays. We report spectral and
Mossbauer (backscatter) data for unaltered (freshly broken) and
altered surfaces of two rocks, a basalt and a basaltic komatiite.

Our laboratory spectral, magnetic, and elemental data were
made as equivalent as possible to corresponding Pathfinder data
[e.g., Hviid et al., 1997; Rieder et al., 1997; Smith et al., 1997a;
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Madsen et al., 1999; McSween et al., 1999; Bell et al., this issue].
Spectral data, which we obtained at high spectral resolu-tion in
the laboratory, were convolved to Pathfinder multispectral data
using the filter positions and band passes compiled by Smith et al.
[1997b]. Pathfinder magnetic data are multispectral images of the
Magnet Arrays (MAs). The saturation magnetization and low-
field magnetic susceptibility of adhering dust is inferred from the
number of magnets with adhering dust and the geo-metric
patterns the dust makes. We report the same magnetic parameters
for our samples. Our elemental data, which were obtained on
samples that were homogenized by grinding to fine powders
before analysis by X-ray fluorescence, are bulk chemical
compositions. Pathfinder elemental data, which were obtained by
Alpha Proton X-ray Spectrometer (APXS) analyses of exposed
soil and rock surfaces [Rieder et al., 1997], represent chemical
compositions of near-surface regions of rocks and soils. These
analyses are likely equivalent to the bulk chemical composition of
fing-grained, homogenized Martian soil but arguably may not be
representative of the bulk chemical compositions of rocks when
dust coatings and/or alteration rinds are present. Rieder et al.
[1997] recognized this possibility and corrected their rock
analyses for soil coatings by assuming that all rocks had the same
chemical composition and all sulfur in rock analyses was from the
soil coating. However, these corrected compositions may still
represent the composition of an alteration rind and not primary
rock material. In addition to spectral, magnetic, and elemental
data, we obtained X-ray diffraction and Mossbauer data on most
samples to identify minerals and/or to determine their degree of
crystallinity.

Our paper is organized into 12 sections, including the intro-
duction (section 1). In section 2 we give an overview of pre-
Pathfinder evidence for specific ferric-bearing phases on the
Martian surface, primarily from the perspective of spectral
(visible and near-IR) and magnetic data. Section 3 on methods is
a description of the analytical instruments and procedures we
used to obtain physicochemical properties. The next six sections
describe the samples and the multispectral, magnetic, and/or
elemental data we obtained on monomiineralic or nearly mono-
mineralic ferric oxides (section 4), palagonitic and sulfatetic
tephra from Mauna Kea (section 5), hydrothermally altered
volcanic material from Kilauea steam vents (section 6), impac-
tites from Meteor Crater (section 7), basaltic rocks with alteration
rinds (section 8), and SNC meteorites (section 9). The next two
sections are a synthesis of the results from analogue and meteorite
samples (section 10) and an application of that synthesis to the
mineralogy, composition, and alteration of rocks and soils at the
Pathfinder landing site (section 11). Section 12 is our summary
of important conclusions. Additional detailed discussions of
Pathfinder rocks and soils that follow the initial mission reports
are given by McSween et al. [1999], Madsen et al. [1999], and
Bell et al. [this issue].

2. Ferric Mineralogy of Pre-Pathfinder Mars

2.1. Evidence for Nanophase Ferric Oxides

Spectral data at visible and near-IR wavelengths for typical
Martian bright regions like Olympus Mons and Amazonis Planitia
are characterized by a general shape consisting of a ferric
absorption edge extending from ~400 to ~750 nm and relatively
constant reflectivity extending from ~750 nm to beyond 2000 nm
[e.g., Sihger et al., 1979; Mustard and Bell, 1994; Erard and
Calvin, 1997]. The best spectral analogues for this general shape
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among terrestrial geologic materials are certain palagonitic
tephras from Hawaii [Evans and Adams, 1979; Singer, 1982;
Adams et al., 1986; Morris et al., 1990, 1993, 1997; Bell et al.,
1993; Bishop et al., 1998a]. On the basis of transmission electron
microscope (TEM), Mossbauer, reflec-tivity, and selective
dissolution data, the ferric pigment in these palagonites is poorly
crystalline, nanometer-sized particles which are dispersed through
an aluminosilicate matrix [Morris et al., 1993]. 1t is possible to
associate these ferric particles and (by implication) the
pigmenting particles on Mars with ferrihydrite (~Fe,03-9/5H,0),
a poorly crystalline phase whose properties are discussed
extensively in the literature [e.g., Carison and Schwertmann,
1981; Eggleton and Fitzpatrick, 1988; Cornell and Schwertmann,
1996]. However, we prefer not to assign this mineral because (1)
we do not know the hydration state of the nanophase particles in
palagonitic tephra and (2) there is evidence (developed below)
from synthetic samples that the anhydrous equivalent of
ferrihydrite can satisfy spectral con-straints for palagonites and
for Mars. We use the phrase “nanophase ferric oxide” as a
generic name for poorly crystalline and nanometer-sized particles
of ferric iron that are associated with unknown amounts of H,O,
OH, and other species. Nanophase ferric oxide particles can be
discrete particles or, as in palagonitic tephra, components of
composite particles.

Morris et al. [1989] and Morris and Lauer [1990] prepared a
series of synthetic powders that contained nanophase ferric oxide
(np-Ox) particles by calcination (in air at ~550°C) of silica and
alumina gels that were impregnated with ferric nitrate solutions.
The particle number density was controlled by the concentration
of the impregnating ferric nitrate solutions and the number of
impregnation-calcination cycles. Particle size was largely con-
trolled by gel pore size. Martian bright region spectra were
reproduced with mixtures that contained these nanophase ferric
oxide particles as components. As was the case for palagonites,
we do not actually know the hydration state of the nanophase
ferric oxide particles, but the high temperatures used in cal-
cination favor anhydrous forms (nanophase hematite). It is
possible that the difference in reflectivity spectra between
ferrihydrite and the nanophase ferric oxide particles associated
with the gels is evidence for the anhydrous nature of the latter.
Reflectivity spectra for synthetic ferrihydrite published by Bishop
and Murad [1996] are characterized by reflectivity maxima and
minima near 800 and 910 nm, respectively. The reflectivity
spectra of the most ferric-rich gels (Type D samples of Morris et
al. [1989]) are characterized by a plateau centered near 850 nm
and do not have definable maxima and minima equivalent to
those for ferrihydrite.

A complicating factor for inferring the hydration state of
nanophase ferric oxides is that X-ray diffraction (XRD) spectra
are apparently insensitive to the degree of hydration. Synthetic,
2-XRD-line ferrihydrite and many naturally occurring
ferrihydrites have two broad XRD lines near 0.25 and 0.15 nm
[e.g., Cornell and Schwertmann, 1996]. Slow thermal
decomposition (in air) of trinuclear acetato hydroxy-iron(IIl)
nitrate (Fe3(OCOCH3);0OHNO3-2H,0) with a final temperature of
~220°C yields a powder with the same two XRD lines, an oxalate
solubility (Fe,/Fe; ~0.4) that is significantly lower than that for
ferrihydrite (Fe,/Fe,; ~1.0), and a reflectivity spectrum equivalent
to the one just discussed for silica gels calcined at 550°C [Morris
et al., 1991]. All three observations suggest a lower hydration
state for this nanophase product as compared to ferrihydrite.
Thermal decomposition of iron pentacarbonyl (Fe(CO)s) under
controlled conditions in an oxidizing atmos-phere also yields a
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powder with the same broad XRD lines at 0.25 and 0.15 nm.
Cornell and Schwertmann [1996] call this material ferrihydrite,
although no evidence is presented to show that it contains any
H,0 (none is implied by the carbonyl precursor). The name
“ferrihydrite” is therefore being used for poorly crystalline ferric
material that is characterized by the two broad XRD lines near
0.25 and 0.15 nm, irrespective of H,O content.

We suggest that there exists a continuous series of poorly
ordered nanometer-sized materials whose chemical compositions
range from FeyOs to FeyO3:9/5H,0 and whose XRD powder
diffraction patterns are two broad lines near 0.25 and 0.15 nm.
According to Fleisher et al. [1975], the mineral name ferrihydrite
is reserved for the hydrous endmember. The anhydrous end-
member has no approved name, but we have previously referred
to it as nanophase hematite because its properties are reasonably
an extension of those of hematite to nanoscale dimensions [e.g.,
Morris et al., 1989]. We suggest that nanophase hematite was
present but not detected in experiments involving dry heating
[Stanjek and Weidler, 1992] and differential thermal analyses
[e.g., Carlson and Schwertmann, 1981] of 2-XRD-line ferri-
hydrite because the ferrihydrite to nanophase hematite transition
is not detectable in XRD data. We will use the generic name
“nanophase ferric oxide” in situations (like palagonites) where we
want to imply the presence of poorly crystalline ferric oxide
particles without any implications for water content. The
distinction between ferrihydrite and nanophase ferric oxides as
names is important in the planetary context because the name
“ferrihydrite” implies the presence of HyO and the name
“nanophase ferric oxide” leaves the issue of the presence or
absence of H,O open. Thus we attribute the general shape of the
reflectivity of Martian bright regions to nanophase ferric oxides.

In summary, it is reasonable to associate (by analogy with
palagonitic tephra) the general shape of reflectivity spectra for
Martian bright regions with silicate material pigmented by
nanophase ferric oxide particles that are associated with an
unknown amount of HyO. The general correspondence in spectral
properties of palagonitic tephra and Martian bright regions does
not necessarily imply that palagonitization (alteration of basaltic
glass) is an important hydrolytic alteration process on Mars. It
does imply that operative processes on Mars produce the optical
equivalent of palagonitic tephra. Note that this constraint permits
the nanophase ferric oxides in terrestrial palagonites and on the
Martian surface to have different amounts of HyO associated with
them. It is possible, for example, for nanophase ferric oxides in
terrestrial palagonites and on the Martian surface to be relatively
hydrous and relatively anhydrous, respectively.

2.2. Evidence for Well-Crystalline Ferric Oxides

Weak spectral features present in the Martian ferric absorption
edge suggest the presence of moderately to well-crystalline ferric-
bearing minerals in addition to nanophase ferric oxides. For the
Olympus-Amazonis region, these weak features are near 600 nm
(a shoulder), 750 nm (a reflectivity maximum), and 860 nm (a
reflectivity minimum) [e.g., Bell et al., 1990; Mustard and Bell,
1994; Merenyi et al., 1996]. These weak features have been
associated with subordinate amounts (<5%) of red (i.e., well-
crystalline and pigmentary) hematite, as sum-marized by Morris
et al. [1997]. Morris and Golden [1998] showed that hematitic
Martian spectral data permit the presence of some goethite,
because the characteristic goethite spectral features (e.g., the
minimum near 900 nm) are overwhelmed by those for hematite
and thus are not observed. A similar situation permits the
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presence of maghemite under the spectral constraints of hematite
[Morris et al., 1998a]. Presumably, similar results apply to other
ferric-bearing phases, but this has not yet been demonstrated. In
addition to hematitic regions, there are other, areally more
restricted Martian bright regions that have weak minima near 900
nm [Geissler et al. 1993; Murchie et al., 1993]. The 900-nm
phase could be any combination of a number of ferric-bearing
minerals, and maghemite, goethite, jarosite, schwertmannite, and
nontronite have been proposed [Murchie et al., 1993; Bishop and
Murad, 1996; Morris et al., 1996]. In summary, the spectral
evidence is that there are at least two crystalline and ferric-bearing
minerals in the optical surface of Mars in addition to nanophase
ferric oxide. One of them is most likely hematite, and the other is
one or more of several possible phases.

The magnetic mineralogy of Martian soil was investigated by
the Viking Landers in 1976. The results of the Viking magnetic
properties experiment indicated the presence of 1-7 wt % of a
highly magnetic phase that is most probably present as a minor
component of composite particles rather than as discrete magnetic
grains [Hargraves et al., 1977, 1979; Moskowitz and Hargraves,
1982; Posey-Dowty et al., 1986]. The preferred interpretation of
Hargraves and coworkers is that the strongly magnetic phase is
maghemite (y-Fe;O3). Moskowitz and Hargraves [1982] note that
if either magnetite or maghemite is the strongly magnetic phase,
the saturation magnetization for Martian soil approaches 1-7
Am?2/kg. Other ferric-bearing phases that have been proposed for
the magnetic mineral include Fe-Ti spinels (titanomagnetite and
titanomaghemite) [Coey et al., 1990; Morris et al., 1990] and
nanophase hematite [Morris et al., 1989].

3. Methods

High-resolution diffuse reflectivity spectra (350-2100 nm)
were obtained at room temperature (~293 K) with a Cary-14
spectrophotometer configured with a 23-cm-diameter integrating
sphere. The instrument is a double-beam double monochromator
with a resolving power of 0.1-0.3 nm and a wavelength accuracy
of ~0.4 nm. Sample and reference ports are located in the bottom
of the sphere so that samples are measured in a horizontal
orientation flush with port openings. Beam size (monochromatic
light) at sample and reference ports was ~1.0 x 2.0 cm; sample
depths were 4-5 mm. Halon is used as the reflectivity standard
and as the coating for the integrating sphere; reflectivity
measurements were converted to absolute reflectivity using
literature data for the absolute reflectivity of Halon [Weidner and
Hsia, 1981]. The compartment of the Cary-14 that contains the
integrating sphere and samples was flushed with dry N gas
(derived from liquid Nj) for at least 1 hour prior to obtaining
reflectivity spectra. Laboratory spectra were convolved to
equivalent Imager for Mars Pathfinder (IMP) multispectral data
using Gaussian line shapes and the band passes published by
Smith et al. [1997b]. The wavelengths for IMP multispectral data
are nominally (rounded to the nearest 5 nm) 445, 480, 530, 600,
670, 750, 800, 860, 900, 930, 965, and 1005 nm. By convention,
we will use the notation R445, R480, ..., R1005 to refer to the
magnitude of reflectivity for either Martian IMP spectra or
laboratory spectra convolved to IMP band passes.

A Scintag XDS 2000 X-ray diffractometer using CuKa radia-
tion and a step size of 0.02° 20 was employed to obtain X-ray
diffraction powder patterns (~293 K) on powdered samples (<150
um). We prepared fine powders from rocks or coarse-grained
particulate samples by pulverization in an alumina mortar and
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pestle until the powdered material easily passed through a 150-
um sieve. Magnetization curves for 1040 mg of sample were
recorded at room temperature in fields up to 2.1 T using a
Princeton Applied Research Model 155 Vibrating Sample
Magnetometer. Saturation magnetizations J; were calcu-lated
from a linear least squares fit of the magnetization data between
1.3 and 2.1 T. Typical uncertainties are the greater of £20% or
+0.008 Am2/kg for 0<J/;<0.1 Am?/kg; 8% for 0.1</<1.0
Am2/kg; +5% for 1.0</;<10 Am2/kg; and +2% for J>10 Am?/kg.
Mass-specific susceptibilities xjr were obtained for sample
volumes of ~10-6 m3 at ~293 K with a Bartington Model MS2
magnetic susceptibility meter with MS2B sensor; typical
uncertainties are £15%.

Transmission and backscatter Mossbauer spectra were ob-
tained at room temperature (~293 K) on Ranger Scientific
spectrometers [Morris et al, 1985, 1989] and an instrument
developed at the Johnson Space Center (JSC), respectively, using
57Co(Rh) sources at intensities of ~25 mCi. Mirror-image spectra
were obtained using a triangular waveform and a 1024-channel
analyzer. Velocity calibration was done with laser interfero-
meters (Ranger instruments) and metallic iron foil (JSC
instrument). Absorbers for transmission experiments were made
by dispersing powdered samples (<150 pm) in epoxy to a density

of 50-100 kg/m2 of natural Fe. Backscatter experiments were
done with no sample preparation and only on rock surfaces.
Mossbauer parameters, derived by fitting folded spectra to
theoretical line shapes using an in-house computer program
(JSCFIT), are the isomer shift (IS) relative to the midpoint of the
spectrum of metallic iron foil at 293 K, quadrupole shift (QS),
hyperfine field strength By, and full widths at half maximum
intensity (W). Typical uncertainties are £0.01 mm/s for IS and
QS, 0.1 T for By, and 0.02 mm/s for W.

Major element chemistry was determined by X-ray fluor-
escence (XRF) using a 9:1 Li;B407-sample flux-fusion procedure
to prepare glass disks and a Philips 2404 XRF spectrometer
equipped with a 4 kW Rh X-ray tube [see Boyd and Mertzman,
1987]. Loss on ignition (LOI) was ascertained by heating an
exact aliquot of sample powder at 950°C in air for a minimum of
1 hour. Because major element analyses were done on the resi-
due of LOI measurements, total iron is reported as Fe;OsT. The
amount of Fe2+ was measured on unheated samples using a modi-
fied Reichen and Fahey [1962] procedure. Approximately 2.5 g
of sample was used for measurement of major element, LOI, and
Fe2+ concentrations. Total sulfur measurements (reported as SO3)
were made on unheated samples using a LECO IR-32 total sulfur
analyzer.

Table 1. Listing of Ferric Oxides, Their Origins, and Selected References to Previous Work

Phase Sample Origin and Reference

Akg AKS1 Synthetic; per Schwertmann and Cornell [1991]

Akg SAK1 Synthetic; Murad [1979]

Feh 6Y,27B Natural; Carison and Schwertmann [1981]

Feh H3, H4,J1,J2,]J3,L1, S4, S5, S8 Natural; Carison and Schwertmann [1987]

Feh N162,N163 Natural; 0.1-0.2 pum; Schwertmann and Fischer [1973)

Feh 19E, FE047, FE152, FE258 ,PJ5a, Natural; U. Schwertmann collection

S3, S7a, SA144b
Feh FH2S1 and FH6S1 Synthetic 2-XRD-line and 6-XRD-line; per Schwertmann and Cornell
[1991]

Feh FES518-1 Synthetic; A. Scheinost collection

Gt 4D-1, 6D-1, 6D-2, 6D-3 Natural; ferricrete; Daisy Creek (New World Mining District), Montana;
Furntss etal. [1999]

Gt 4FG-9, 4FG-10, 6F-1, 6F-2, 6F-3 Natural; ferricrete; Fisher Creek (New World Mining District), Montana;
Furniss et al. [1999]

Gt 6SB-1 Natural; ferricrete; Soda Butte Creek (New World Mining District),
Montana; Furniss et al. [1999]

Gt 6SC-E2 Natural; ferricrete; Stevens Creek (Heddleston Mining District), Montana

Gt 7PM10-42, 7PM10-46, 7PM10-48 Natural; ferricrete; Paymaster Creek (Heddleston Mining District), Montana

Gt GTS2, GTS3, GTS5 Synthetic; commercial products; Morris et al. [1985]

Hm HMN3 Natural; commercial product

Hm HMS2, HMS3, HMS10, HMS12, Synthetic; commercial products; Morris et al. [1985]

HMS13, HMS14, HMS15

Jar-H;0 JARHS3 Synthetic; modified Brophy and Sheridan [1965]

Jar-Na LNVJARI1 Natural; Luning, Nevada; Morris et al. [1996]

Jar-K JARKSI1 Synthetic; per Brophy and Sheridan [1965]

Lp LPS2 Synthetic; commercial product; Morris et al. [1985]

Lp LPS3 Synthetic; per Schwertmann and Cornell [1991]

Mh LPS2-3-265 Synthetic; Morris et al. [1998b]

Mh MHS3, MHS4, MHS6 Synthetic; commercial products; Morris et al. [1985]

Mt MTS4, MTSS Synthetic; commercial products; Morris et al. [1985]

Mt MTCCU1 Natural; Cedar City, Utah

Mt MTISH1 Natural; Ishpeming, Michigan

Sch BT-4 Natural; Belmont Co., Ohio; Bigham et al. [1990]

Sch>>Gt SF-108 Natural; ferricrete; Fisher Creek (New World Mining District), Montana;
Furniss et al. [1999]

Sch>>Gt 6PM-0

Natural; ferricrete; Paymaster Creek (Heddleston Mining District), Montana

For simplicity, ferric oxides, oxyhydroxides, and oxyhydroxysulfates are referred to as ferric oxides. All samples are powders
(none coarser than 90 um). JARHS]1 synthesis procedure was modified by excluding the alkali metals from the starting solution and
by reducing the temperature of reaction to 95°C. Phases: Akg, akaganéite; Feh, ferrihydrite; Gt, goethite; Hm, hematite; Jar, jarosite;
Lp, lepidocrocite; Mh, maghemite; Mt, magnetite; Sch, schwertmannite.
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Figure 1. Representative X-ray diffraction (XRD) powder patterns (293 K) for (a) well-crystalline hematite
(HMS3), maghemite (MHS3), magnetite (MTS4), goethite (GTS3), lepidocrocite (LPS2), akaganéite (AKS1), and
Jarosite (JARKST) and (b) nanophase goethites (4FG-10 and 6SB-1), ferrihydrites (FE152, FH6S1, and N162), and
schwertmannite (SF-108). Note that XRD lines for well-crystalline phases are narrow and intense and those for the
poorly crystalline phases are weak and broad. Ferrihydrite N152 has a goethite impurity and schwertmannite

5F-105 has goethite (Gt) and quartz (Q) impurities.

4. Ferric Minerals
4.1. Samples

Samples representing nine different ferric minerals (hematite,
maghemite, magnetite, goethite, lepidocrocite, akaganéite, ferri-
hydrite, schwertmannite, and K-, Na-, and H3O-jarosite) are listed
in Table 1, together with references to previous studies. All
minerals, except lepidocrocite and akaganéite, are repre-sented by
both synthetic and naturally occurring samples. Jarosites
(JARKS1 and JARHSI), akaganéite (AKSI1), lepido-crocite
(LPS3), and ferrihydrites (FH2S1 and FH6S1) were synthesized
as a part of this study using recipes from Brophy and Sheridan
[1965] and Schwertmann and Cornell [1991]. Samples from
deposits of ferricrete (stratified iron oxyhydroxide or clas-tic
sediment cemented iron oxyhydroxide), which contain goethite
and/or schwertmannite, are from the New World and Heddleston
mining districts (Montana) and were collected between 1994 and
1997 (N. Hinman and G. Furniss) as friable to moderately
coherent rocks [Furniss et al, 1999]. A poorly crystalline
maghemite (LPS2-3-265) was made by dehydrox-ylation of
lepidocrocite LPS2 [Morris and Lauer, 1981]. Natur-ally
occurring ferrihydrite samples were obtained from the collection
of U. Schwertmann. Synthetic akaganéite SAK1 and natural
schwertmannite BT-4 were provided by E. Murad and J. Bigham.
All other samples were obtained from sample collec-tions at the
NASA Johnson Space Center. All samples except the ferricretes
and the natural magnetites were obtained or synthesized as fine

powders. The ferricretes and magnetites were ground to fine
powders (<150 um) using an alumina mortar and pestle.

4.2. Properties

The synthetic hematites (HMS2 through HMS15), goethites
(GTS2, GTS3, and GTSS5), maghemites (MHS3 through MHS6),
lepidocrocites (LPS2 and LPS3), akaganéites (SAK1 and AKS1),
magnetites (MTS4 and MTSS), and jarosites (JARHSI and
JASKS1) and the natural hematite (HMN3), Na-jarosite
(LNVJAR1), and magnetite (MTCCU1 and MTISHI) are all
well-crystalline materials based on narrow XRD lines as reported
in previous studies (Table 1) or as obtained from XRD data as a
part of this study. Representative XRD powder patterns of well-

‘crystalline ferric minerals are shown in Figure la.

Schwertmannite and ferrihydrite are both inherently poorly
crystalline materials and have no well-crystalline counterparts.
XRD powder patterns for schwertmannite 5F-108 and ferri-
hydrites FE152, FH6S1, and N162 are shown in Figure 1b. Peaks
from minor goethite, which is a common aqueous altera-tion
product of both minerals, can be seen in the XRD patterns of
5F-108 and FE152. Ferrihydrite is generally characterized by
either two or six broad XRD lines (Figure 1b), although ferri-
hydrites with an intermediate number of lines have been reported
[Cornell and Schwertmann, 1996]. Ferrihydrites with two broad
XRD lines near 0.25 and 0.15 nm (35.9° and 61.8° 26, respec-
tively, for CuKo radiation) are apparently the most common
natural product, and they seem to occur always in association
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Figure 2. Representative Mossbauer spectra (293 K) for (a) hematite (HMS3), maghemites (MHS3 and LPS2-3-
265), magnetites (MTS4 and MTISH1), lepidocrocite (LPS3), and akaganéite (AKS1) and (b) goethites (GTS3, 6D-
2, and 4FG-10), ferrihydrites (FH2S1 and FH6S1), schwertmannite (5F-108), and jarosite (JARKS1). Maghemite
LPS2-3-265, derived by heating lepidocrocite, has a minor hematite impurity. The three goethite samples represent
a sequence from well-crystalline (magnetic sextet GTS3) to nanophase (superparamagnetic doublet 4FG-10)

behavior.

with SiO,. Except for two schwertmannite-bearing samples
(5F-108 and 6PM-0), XRD data for Montana ferricretes indicate
the presence of goethite having a range of crystallinities. Powder
patterns for two ferricretes (4FG-10 and 6SB-1) with poorly
crystalline (nanophase) goethite are shown in Figure 1b.
Representative Mdossbauer spectra (293 K) for each ferric
mineral are shown in Figure 2, and derived Mossbauer para-
meters are compiled in Table 2. Also included in Table 2 are
Mossbauer parameters for nanophase hematite [from Morris et
al., 1989], np-Ox in palagonite (section 5.3.2), and ferrous and
ferric iron in glass (sections 5.3.1 and 5.3.3). Spectra and derived
parameters are consistent with literature data [e.g., Burns and
Solberg, 1990; McCammon, 1995; Murad, 1996; Cornell and
Schwertmann, 1996; Herbert, 1997; Stevens et al., 1998]. Sextet
“spectra for well-crystalline hematite, maghemite, goethite, and
magnetite are sufficiently distinct to serve as a basis for
mineralogical identification. Note that maghemite LPS2-3-265
appears to have a minor hematite impurity. The magnetites have
octahedral iron (Fe2+ and Fe3*) to tetrahedral iron (Fe3+ only)
ratios (1.06 to 1.88) that are less than the stoichiometric value

(2.0), indicating some oxidation. In agree-ment with the results
of Johnston and Norrish [1981] and Schwertmann et al. [1985],
the progressive collapse of the goethite sextet to a
superparamagnetic doublet for samples GTS3, 6D-2, and 4FG-10
is a result of decreasing particle size and decreasing crystallinity
as observed in XRD data.

The Mossbauer spectra (293 K) of jarosite, lepidocrocite,
akaganéite, ferrihydrite, schwertmannite, nanophase goethite and
hematite, and np-Ox (palagonite) are doublets associated with
octahedrally coordinated ferric iron. The Mdossbauer parameters
of jarosite (IS=0.36+0.01 mm/s and QS=1.14+£0.08 mm/s) are
distinct from those for the other seven phases and are thus

diagnostic. The Mossbauer parameters for lepidocrocite,
akaganéite, ferrihydrite, schwertmannite, np-goethite, np-
hematite, and np-Ox (palagonite) are sufficiently similar

(IS=0.33-0.36 mm/s and QS=0.57-0.75 mm/s) that it is likely
impossible to use only room-temperature Mossbauer data to
identify one of these phases to the exclusion of the others in a
natural sample. That is, a Mossbauer doublet at ~293 K having
1S~0.34 mm/s and QS~0.6-0.8 mm/s reasonably results from
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Table 2. Average Values and Standard Deviations (One Sigma) of Mdssbauer Parameters (293 K) for Iron-Bearing Phases

IS, Qs, By, W, Line
Phase mm/s mm/s T mm/s Shape N Samples Used for Average
Ferric doublets
Jarosite (wc) 0.3610.01 1.14£0.08 -- 0.34%0.04 L+G 6 JARKSI, JARHS1, LNVJARI, and <5 pm of
HWMK24, HWMK504, and HWMK515
np-Ox (palagonite) 0.34£0.02 0.75%0.03 -- 0.55+0.03 L+G 5 <2 pum of HWHP301, HWMKS530,
HWMK600, JSC Mars-1, and PN-9
Ferrihydrite (np) 0.34+0.01 0.73+0.07 - 0.52+0.04 L+G 2 FH2Sland FH6S1
Hematite (np) 0.33£0.01 0.63+0.08 -- 0.63+0.07 v 33 Supported on silica gel; Morris et al. [1989]
Goethite (np) 0.35+0.01 0.63£0.02 - 0.42+0.02 L+G 5  4FG-10, 6F-1, 6F-2, 6F-3, 6SB-1
Schwertmannite (np)  0.34+0.01 0.69+0.01 -- 0.42+0.01 L+G 2 6PM-0 and 5F-108
Akaganéite (wc) 0.360.01 0.67+0.01 -- 0.4410.01 L+G 2 AKSI and SAK1
Lepidocrocite (wc) 0.3610.01 0.57+0.01 - 0.32+0.04 L+G 2 LPS2and LPS3
Glass, Tet-Fe3+ 0.32+0.01 1.04£0.01 -- 0.72+0.03 L+G 1 <1 mm of HWMK20
Glass, Oct-Fe3+ 0.45£0.02 0.86+0.03 -- 0.80£0.02 L+G 2 HWMKS513 (nonmagnetic) and PH-13
Ferrous doublets
Glass, Oct-Fe2*+ 1.00+0.07 2.18+0.03 - 0.80+0.02 L+G 2 HWMKS513 (nonmagnetic) and PH-13
0.90+0.01
Olivine, Fe2* 1.1420.01 2.89+0.01 0.33+0.03 L 3 PN-9, HWMKI12, and HWMK530
Sextets
Hematite (wc)
Symmetric lines 0.3740.01 -0.20+0.01 51.1£0.1 0.30+0.03 L 4  HMN3, HMS3, HMS12, and HMS14, <1 mm
Asymmetric lines  0.39+0.02 -0.17£0.02  50.6+0.3 0.56+0.11  Skew-L 3 of HWSB531 and <5 um of HWMK20
and HWMK504
Goethite (wc) 0.3710.01 -0.24£0.01 38.7+0.1 0.46+0.06  Skew-L 2 GTS2 and GTS3
Maghemite (wc) 0.3240.01 0.02+0.01 49.740.1 0.66+0.11 L+G 2 MCIS1 and MHS3
Magnetite (wc)
Octahedral 0.68+0.01 0.02+0.01 45.8+0.2 0.47+0.11 L 3 MTCCUI (1.35), MTISH]1 (1.88), and
Tetrahedral 0.29+0.02 0.02+0.02 48.9+0.2 0.33+0.07 L 3 MTS4 (1.06)

Only samples that are monomineralic or highly enriched in the indicated phases were used to calculate average values. IS is calculated relative to
the midpoint of metallic iron foil at 293 K. Doublet line widths are the average of lines 1 and 2 (except Oct-Fe2* in glass); sextet line widths are the
average of lines 1 and 6. Line shapes: L, Lorentzian; L+G, Lorentzian and Gaussian linear combination; Skew-L, skewed Lorentzian; V, Voigt. N
is the number of samples used to calculate averages. Initials: wc, well crystalline; np, nanophase. Number in parentheses for magnetites is the area

ratio of octahedral to tetrahedral sites.

octahedrally coordinated ferric iron but is otherwise not minera-
logically specific. Although we did not obtain low-temperature
Maossbauer spectra as a part of this study, magnetic splitting (i.e.,
sextets) at low temperatures can be used as mineralogical con-
straints of these ferric phases [e.g., Murad, 1990, 1996; Cornell
and Schwertmann, 1996].

The Mossbauer doublet parameters for ferric and ferrous iron
in the glass phases of our samples are distinct from those for the
octrahedrally coordinated ferric oxides (Table 2). Tetrahedrally
coordinated Fe3+, which is characterized by relatively low (0.32
mm/s) and high (1.04 mm/s) values of IS and QS, is especially
distinctive.  Octahedrally coordinated Fe3+ in our glasses is
distinguished by its relatively high value of IS (~0.45 mm/s).
Octahedrally coordinated Fe2+ in glass, relative to ferric iron and
as is typical for crystalline ferrous silicates [e.g., Burns and
Solberg, 1990], has large values of both IS (~1.0 mm/s) and QS
(~2.2 mmy/s).

IMP-equivalent multispectral data, magnetic properties, and
chemical compositions for samples with a single ferric mineral
are compiled in Tables 3 and 4. Magnetic data are generally in
agreement with literature values for the same mineral [e.g.,
Nagata, 1961; Carmichael, 1982; Morris et al., 1985]. Except
for spinel minerals (maghemite and magnetite), all samples are
weakly magnetic or nonmagnetic on the basis of their low values
of saturation magnetization (generally <1 Am2/kg) and low-field
susceptibility (generally <5x10-6 m3/kg). In comparison, the
strongly magnetic spinels have high saturation magnetizations

(~50-92 Am2/kg) and high low-field susceptibilities (~300x10-6 -
550x10-6 m3/kg). High-resolution spectral data for each ferric
mineral are consistent with published spectra [e.g., Sherman et
al., 1982; Morris et al., 1985, 1996; Clark et al., 1990; Nagano et
al., 1992; Bishop and Murad, 1996]. Representative reflec-tivity
spectra are shown for each mineral in Figure 3. Even at the low
spectral resolution of IMP multispectral data (~30 nm),
significant mineralogical information can be obtained, as
discussed next.

The positions of reflectivity maxima (M1) and minima (T1) for
ferric minerals occur between 650 and 1005 nm in IMP-
equivalent spectral data, as shown by the histograms in Figure 4.
For cases where maximum or minimum reflectivity is the same at
adjacent IMP wavelengths, values of M1 and T1 were taken as
the average position. In a monomineralic ferric oxide, T1 is the
position of the reflectivity minimum of the ferric 6A;—4Tg elec-
tronic transition, and M1 is the reflectivity maximum between
that transition and the adjacent 6A;—4T) transition [e.g., Morris
et al., 1985; Sherman and Waite, 1985; Burns, 1993]. In an
assemblage of multiple ferric minerals, M1 and T1 correspond to
the maximum and minimum of the envelope formed by the
individual ferric minerals. The eight different ferric minerals
divide into five groups that have unique values of M1 and/or T1.
The values of T1 for hematite (860 nm) and lepidocrocite (970-
985 nm) and the M1 value for jarosite (670-710 nm) are unique
and would, by themselves, provide evidence for these minerals in
a complex sample. These three minerals comprise single-member
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Sample

LNV-
S7a S8 SA144b PJ5a FH2S1  FH6S1 FH518-1 AKSI1 SAK1 BT-4 5F-108 JAR1  JARKS1 JARHS3 MTS4 MTSS

S5

Table 3. (continued)

H;0-Jar Mt Mt
Syn.

K-Jar
Syn.

Sch>Gt  Na-Jar

Sch

Feh Feh Feh Feh Akg Akg
Syn. Syn. Syn. Syn. Syn. Nat.

Nat.

Feh Feh Feh Feh
Nat. Nat. Nat.

Nat.

Phasea

Syn.

Syn.

Nat.

Nat.

Typeb

Wavelengthe, nm

0.064 0.052 0.072 0.081 0.037 0.142 0.120 0.071 0.027 0.028
0.234 0.228 0.027

0.076
0.115

0.066 0.042 0.029 0.036 0.047 0.025
0.099 0.037

0.069

445

0.029
0.033

0.147
0.274

0.042
0.080

0.098
0.222
0.433

0.087

0.053 0.030 0.055

0.041

0.061

0.102
0.185
0.339

480

0.027

0.381

0.364
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0.524
0.534

970
1005
Magnetic Properties

0.030

0.379

0.459

0.364

0.530

0.535 0.389

0.346

0.326

0.553

0.554

82.0
294

0.012 81.0
554

0.43

0.361 0.160 0.008 -- 0.0167  0.039 0.009 0.004
0.45 0.45 0.26 0.21 0.52 0.30 0.33

1.15

0.024 0.018 0.142 0.0218  0.289
0.42 1.46 0.44 1.66

0.37

0.000
0.33

Jy, Am2/kg

Xifs 10-6 m3/kg

; Gt, goethite; Lp, lepidocrocite; Feh, ferrihydrite; Akg, akaganéite; Sch, schwertmannite; Jar, jarosite; Mt, magnetite.

cValues given for each wavelength are the reflectivity (equivalent IMP multispectral data).

aHm, hematite; Mh, maghemite

bSyn., synthetic; Nat., natural.

groups. The fourth group, which includes goethite, akaganéite,
and schwertmannite, has M1 values of 750 nm (except one
schwertmannite) and T1 values in the range 880-930 nm. The
fifth group, which includes ferrihydrite and maghemite, has M1
values generally in the range 775-800 nm and values of T1 in the
range 900-930 nm.

The data in Figure 4 can be used to infer the presence of
individual or groups of ferric minerals, but we caution against
their use to infér the absence of specific minerals. Hematite is
particularly effective in masking the presence of other ferric
minerals, as noted earlier for the hematite-goethite and hematite-
maghemite combinations [Morris and Golden, 1998; Morris et
al., 1998a]. The spectral contrast of the M1 and T1 features (i.e.,
the difference in reflectivity measured at the positions of M1 and
T1) for the ferrihydrites, disordered goethites, and maghemites is
relatively small, which suggests they are parti-cularly susceptible
to spectral masking by ferric minerals like hematite and jarosite
that have large spectral contrasts. Within the group composed of
goethite, akaganéite, and schwertmannite, well-crystalline
goethite can be distinguished from the other two minerals by the
presence of a second reflectivity maximum near 600 nm (Figure
3b). Figures 3 and 4 show that it is not possible to readily
distinguish ~ between  nanophase  goethite,  akaganéite,
schwertmannite, ferrihydrite, and maghemite on the basis of IMP-
style spectral data. Even with a much higher spectral resolution
of 1 nm, their distinction is prone to mis-classifications, and in
mixtures of ferric oxides only hematite may be safely
discriminated from the other minerals on the basis of the spectral
range up to 1000 nm [Scheinost et al., 1998].

5. Mauna Kea Volcanic Tephra
5.1. Samples

The samples of volcanic tephra, their collection site, and
references to previous work are listed in Table 5. The Puu Nene
cinder cone is the site of an active quarry. Samples PN-9 and JSC
Mars-1 were obtained in 1992 (J. F. Bell III) and 1997 (C. C.
Allen and J. Lockwood), respectively, from an ~1-m-thick zone
of brown tephra located beneath the active organic layer. Tephra
JSC Mars-1 is available in quantity as a Martian regolith simulant
for approved scientific, engineering, and educational studies
[Allen et al, 1998a, b]. Samples HWMK1, HWHP301, and
HWMKS530 were collected in 1990 (R. B. Singer), 1993 (D. L.
Blaney), and 1995 (R. V. Morris), respectively, near the Visitor’s
Center on the summit road to Mauna Kea Volcano. The first two
were collected from a gully north of the Visitor’s Center and
south of the Hale Pohaku dormitories, and the third was collected
from the north flank of the Puu Kilohana cinder cone WNW of
the Visitor’s Center. Samples HWMK600 through HWMK612
were collected in 1996 (R. V. Morris) along the side road to the
Very Long Baseline Array (VLBA) Telescope.

The remaining tephra samples were collected in the summit
region of Mauna Kea. Tephra samples HWMK20 through
HWMK26 were collected in 1994 (J. F. Bell III) from tephra
exposed at the surface near the Japan National Subaru Telescope.
Sample HWMK12 was collected in 1992 (C. Coombs) near the
switchback leading to the Gemini Telescope. Samples
HWMKS501 through HWMKS517 were collected in 1995 (R. V.
Morris) from an ~10-m-thick vertical section cut into the cinder
cone to allow construction of the Gemini Telescope foundations.
This exposure was filled in and no longer available for sampling
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Figure 3. Representative high-resolution and Imager for Mars Pathfinder (IMP)-equivalent spectral data (293 K)
for ferric minerals. All minerals except magnetite have ferric absorption edges in the visible region (~445-750 nm)

that are responsible for their color.

in 1996 when sample HWMKG620 was taken as a surface sample
from the same location.

All tephra samples discussed in this study are the <1-mm-size
fraction or subsplits thereof. The <1-mm size fractions were
obtained by dry sieving either during sample collection in the
field or subsequently in the laboratory. The <150-um and the
150-1000-pm size fractions of sample HWMK530 and <150-pm
size fraction of JSC Mars-1 were obtained by wet sieving in
ethanol with rhodium-plated nickel sieves. The <149-um mag-
netic and nonmagnetic fractions were obtained by dry sieving
with a stainless-steel sieve and using a hand magnet to divide the
size separate into magnetic and nonmagnetic fractions. All size
fractions reported as 500-1000, 53-500, 5-53, 2-5, <5, and <2 pum
were obtained by ultrasonication and sedimentation in water
using procedures outlined by M. L. Jackson (Soil Chemical
Analysis: Advanced Course, 895 pp., 1985; published by the
author). Typically, the amount of <1-mm tephra that is <5 pm is
~5%. For tephra HWMKG600, size fractions between 1000 and 2
um and <2 pm (A) were obtained using normal ultrasonication

procedures; size fraction <2 um (B) was obtained using aggres-
sive ultrasonication to obtain sufficient material to do major
element analyses.

5.2. Alteration Processes

Multispectral, magnetic, and elemental data for the Mauna Kea
tephra samples are compiled in Tables 6-8. On the basis of
chemical data, the tephra samples are classified into three groups
according to the type of alteration process. Figure 5a is a plot of
LOI (weight loss on ignition at ~950°C) versus SO; concen-
tration for <I-mm size fraction of tephra. LOI in air at 950°C
would include loss of adsorbed H,O and volatile loss from
decomposition of hydrous (e.g., phyllosilicates and oxy-
hydroxides), carbon-bearing (e.g., carbonates), and sulfur-bearing
(e.g., sulfates) phases. The dashed lines refer to different
LOV/SO3 ratios, with a value of 1.0 corresponding to the case
where SOj3 is the only volatile species. The tephra samples fall
into three distinct groups. The first group (six samples) is volatile
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Figure 4. Histograms showing positions of the M1 (reflectivity
maximum) and T1 (reflectivity minimum) spectral features
derived from IMP-equivalent spectra for ferric minerals. The T1
values of hematite (860 nm) and lepidocrocite (970-985 nm) and
the M1 value of jarosite (670-710 nm) are specific for those
minerals. The other oxides divide into two groups on the basis of
M1-T1 values. One is schwertmannite, akaganéite, and goethite
with M1 and T1 values of 750 nm (one exception) and 880-930
nm, respectively. The other is maghemite and ferrihydrite with
M1 and T1 values of 775-800 nm (one exception) and 900-930
nm.

poor (LOI <3% and SO3 <0.15%), which implies either little or
no alteration by uptake of volatiles or alteration by dry heating
(calcination) to induce oxidation and/or devolatilization. The
former is the case for our six samples, as shown by low values of
LOI and Fe3+/Fe2+ (Figures 5b and 5c).

The second group has high concentrations of SO3 (SO3 >0.6%
and 1<(LOI/SO3)<6), which implies sulfuric (or acid sulfate)
alteration process. The most SOs3-rich sample (HWMK?24) is
described by Morris et al. [1996] as a product of acid-sulfate
alteration with K-rich jarosite ((K,Na,H3O)Fe3(SO4)2(OH)g) as
the primary iron-bearing alteration product. This conclusion is
supported by the chemical data. The observed value of LOI/SO3
for this sample (1.6) is slightly larger than the value calculated
(1.4) assuming K-jarosite is the only volatile bearing phase. The
high SO3 concentrations for this group imply that they all contain
products of sulfuric alteration, with the concentration of SO3;
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varying in proportion with the extent of alteration. By analogy
with HWMK?24, sulfuric alteration probably occurred when
solutions rich in sulfuric acid (HpSO4) percolated through
unaltered tephra. Because there are no known sulfide deposits on
Mauna Kea, the only viable source of the acid is SO,-rich
volcanic gas, which dissolves in HyO to form the H,SOj that
subsequently undergoes oxidation to sulfuric acid.

The third group has low concentrations of SOz and high
concentrations of HyO (SO3 <0.4% and LOI/SO3>40), which
implies that hydrolytic alteration dominates. This group includes
PN-9 and HWMKS530, which are described [Morris et al., 1993,
1997] as palagonitic tephra. Palagonite is the (hydrolytic) altera-
tion product of basaltic glass and corresponds to the yellow
isotropic glass-like phase observed in thin section (for HWMK1
see Morris et al. [1990]) and, at a smaller scale, the nanophase
ferric oxide particles imbedded in a noncrystalline alumino-
silicate matrix as observed in TEM analyses (for PN-9, see Morris
et al. [1993]).

Because we do not have SO3 abundances for all samples, we
are unable to classify all our samples according to Figure 5a. We
found, however, that the K0O/MgO ratio could be used instead, as
shown in Figure 5b. None of the samples cross groups between
Figures 5a and 5b, and all samples plot in one of the three groups.
We also include in Figure 5b all size fractions that include
material finer than 53 pm. Because alteration processes tend to
produce finer-grained material, these smaller size fractions tend to
emphasize alteration products and thus confirm our alteration
classification. As will be discussed in more detail later, the ratio
K>0/MgO works as an indicator of alteration process because
alkalis are preferentially lost during hydrolytic alteration because
of their high solubility but are retained in sulfuric alteration
because of formation of insoluble sulfates (jarosite). The
converse is true for MgO, which forms highly soluble sulfates.
Figure 5c is a plot of the Fe3+/Fe2+ ratio versus the Ko,O/MgO
ratio. As expected for oxidative alteration, unaltered tephras have
low values of Fe3+/Fe2+ (0.5-1.0), and palagonitic and sulfatetic
tephras have high values (1.0-20).

In the above discussion, Mauna Kea tephras were classified
according to alteration processes using chemical data for bulk
(<1-mm) samples. It would be possible for a tephra to appear
heavily altered with respect to a surface-sensitive technique like
reflectance spectroscopy, but be unaltered with respect to bulk
chemical analyses, if the alteration were confined to the skin of
the tephra particles. Similarly, tephra heavily altered by one
process subsequently could acquire a skin of alteration products
from a different process. It will be evident in the discussions that
follow that, in general, the classification developed from bulk
chemical analyses is invariant with respect to analytical
technique.

5.3. Chemistry and Mineralogy

In the field, unaltered tephra and palagonitic (hydrolytic)
samples are recognized by their black and yellow-brown color,
respectively.  Sulfatetic tephra comes in a variety of colors,
including white, green, yellow, orange, and red. The colors
correspond to differences in the iron mineralogy of the tephras, as
discussed next.

5.3.1. Unaltered tephra. The compositional parameters for
the six chemically unaltered tephras (HWMK12, HWMK22,
HWMKS506, HWMK513, HWMKS514, and PH-13) are listed in
Table 6. As shown in Figure 6a, their compositional parameters
are relatively constant. This figure is a semilogarithmic plot of
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Table 5. Listing of Volcanic Tephra, Steam Vent, and Rock Samples, Their Origin, and Previous Work

Sample Name

Collection Site and References

Volcanic Tephra

HWHP301

HWMK1

HWMKI11 and HWMK12

HWMK20 through HWMK?24

HWMKS501 through HWMKS517
and HWMK620

HWMKS530

Mauna Kea; gully north of Visitor’s Center (2830 m); unit laf

Mauna Kea; gully near Visitor’s Center (2830 m); unit laf, Morris et al. [1990]
Mauna Kea; switchback to summit telescopes (4080 my); unit loc; Golden et al. [1993]
Mauna Kea; summit near Subaru telescope (4100 m); unit loc; Morris et al. [1996]
Mauna Kea; summit near Gemini telescope (4190 m); unit loc

Mauna Kea; Puu Kilohana cinder cone (WNW of Visitor’s Center), north flank

(2890 m); unit loc; Morris et al. [1997)

HWMK600 through HWMK605
and HWMKG612

HWMK606

JSC Mars-1

PH-13

PN-9

Mauna Kea; south side of VLBA road, near telescope (3730 m); unit Imt

Mauna Kea; north side of VLBA road, near telescope (3730 m); unit Imt
Mauna Kea; Puu Nene cinder cone (2010 m); unit loc; Allen et al. [1998a,b]
Mauna Kea, Puu Huluhulu cinder cone (2010 m); unit loc

Mauna Kea, Puu Nene cinder cone (2010 m); unit loc; Morris et al. [1993]

Steam Vent

HWSB501 and HWSB531

Kilauea; Sulfur Bank steam vents (1200 m)

through HWSB536
HWMU387 Kilauea, Mauna Ulu steam vent (980 m)
Rocks
M1497 Basaltic komateiite, Munroe Township, Canada
WD232

Basalt, Meridan, Connecticut; obtained from Wards Scientific

Elevation of collection sites is given in parenthesis.

Subaru, Japan National Subaru Telescope; Gemini, Gemini

Telescope; VLBA, Very Long Baseline Array Telescope. Mauna Kea geologic map units (all Laupahoehoe Volcanics) are
from Wolfe et al. [1997] as follows: laf, air-fall deposits; Imt, glacial till; loc, cinder cones.

the ratio of the value for a compositional parameter (e.g., SiO2
concentration) to its average value for all seven unaltered tephra
samples (average unaltered hawaiitic tephra (AUHT)) for each
compositional parameter. The compositional parameters are all
constant to within factors of 0.90 to 1.13, except for LOI and
Fe3+/Fe2+ whose sample/AUHT ratios vary from 0.76 to 1.57.
The average chemical composition of the unaltered tephra
samples is very similar to the major element chemistry of
hawaiitic basalt HAW-16 [Basaltic Volcanism Study Project,
1981] and high-Fe hawaiitic lava [West et al., 1988].

As shown by the Mossbauer spectra for HWMK12 and PH-13
in Figure 7, iron is associated with glass and the crystalline phases
olivine and Fe-Ti spinel. The glass contains both Fe3+ and Fe2*
in octahedral coordination. The relative proportion of iron in
glassy and crystalline phases is different in HWMK12 and PH-13
(e.g., the olivine doublet is relatively more intense in the former),
suggesting that the ratio of glassy to crystalline phases deposited
during ash eruptions is variable. In support of ‘this view are
petrographic observations of palagonitic tephra HWMK1 [Morris
et al., 1990], which show that the tephra is composed of two basic
types of composite particles (black and orange in color) that differ
principally in the degree of crystallinity of the mesostasis
component. Black particles are vesicular fragments of tachylite
(nearly opaque, merocrystalline basalt) with abundant
microphenocrysts of plagioclase, minor olivine, and trace
pyroxene. Tachylite particles are black because the unaltered
mesostasis contains abundant Fe-Ti oxides as disseminated grains
<20 pum in size. TEM observations of similar Hawaiian
palagonitic tephras [Morris et al., 1993; Golden et al., 1998]
indicate that particle diameters of disseminated Fe-Ti oxides
extend down to ~5-30 nm. Orange particles consist of highly
palagonitized sideromelane (clear, brown, basaltic glass) with the
same microphenocryst population as the tachylite particles.
Unlike tachylite particles, palagon-itized sideromelane particles
do not contain appreciable dissem-inated Fe-Ti oxides; some

contain one or more large (50-150 pm) Fe-Ti oxide grains.
Tachylite and sideromelane particles appar-ently coevolve
through ash eruptions where conditions favor formation of both
crystalline and glassy particles in different proportions from
magma that has already crystallized plagioclase, olivine, and the
larger iron oxide particles. The disseminated Fe-Ti oxide grains
probably formed during cooling of tachylite particles (quench
crystals). A similar origin is proposed for the small Fe-Ti oxide
particles reported in volcanic ash samples from other locations
and in the glassy parts of mid-ocean ridge basalts [e.g., Heidner et
al., 1993; Pick and Tauxe, 1994]. Variations in the amount of
alteration products within tephra deposits that are aqueously
altered at low temperatures are likely controlled by local values of
the sideromelane to tachylite ratio, because sideromelane-rich
particles are more susceptible to aqueous alteration than the
largely crystalline tachylite particles.

Electron microprobe analyses of HWMKI1, HWMKI12, and
PN-9 and literature data for hawaiitic lava show that Fe-Ti spinel
particles generally have Ti/Fe weight ratios between 0.18 and
0.32 and also contain minor Mg and Al as impurities [Morris et
al., 1993], although oxide grains with compositions approaching
ulvospinel and ilmenite are also present [Morris et al., 1990].
XRD data (Figure 8a) show that plagioclase feldspar is the
dominant crystalline phase in unaltered tephra.

IMP-equivalent multispectral data for unaltered tephra are
shown in Figure 9. The reflectivity is always <0.08 and, except
for HWMKS506 and HWMK514, nearly constant. The weak ferric
absorption edges for HWMKS506 and HWMKS514 and absence of
chemical alteration (including low Fe3+/Fe2+ ratios) imply minor
oxidation at particle surfaces for these two tephras. The low and
uniform reflectivity of nonmagnetic (sideromelane-rich) and
magnetic (tachylite-rich) fractions of HWMKS513 shows that the
sideromelane to tachylite ratio does not have significant influ-
ence on the spectral properties of unaltered tephra.

5.3.2. Palagonitic tephra. The compositional parameters for
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Table 6. Multispectral, Magnetic, and Chemical Data for Chemically Unaltered Tephra from Mauna Kea Volcano

Sample
PH-13 Average
HWMK12 HWMK22 HWMK506 HWMK513  HWMKS13, Gemini ~ HWMKS14 <1 mm Unaltered
Switchback ~ Subaru Gemini Gemini <lmm <lmm Gemini Puu Hawaiitic
<1 mm <l mm <] mm <1 mm magnetic nonmagnetic <1 mm Huluhulu Tephra
Wavelengtha, nm
445 0.082 0.042 0.031 0.032 0.027 0.032 0.036 0.034 --
480 0.082 0.042 0.031 0.030 0.027 0.032 0.036 0.034 -
530 0.082 0.045 0.032 0.030 0.027 0.033 0.038 0.034 --
600 0.082 0.050 0.057 0.030 0.027 0.033 0.056 0.033 --
670 0.077 0.048 0.067 0.032 0.028 0.035 0.073 0.032 --
750 0.073 0.048 0.068 0.031 0.028 0.036 0.074 0.036 -
800 0.073 0.045 0.063 0.029 0.026 0.035 0.072 0.033 --
860 0.072 0.045 0.061 0.029 0.024 0.035 0.069 0.030 --
900 0.069 0.043 0.060 0.027 0.025 0.035 0.069 0.030 -
930 0.064 0.042 0.063 0.028 0.026 0.036 0.069 0.027 -
970 0.064 0.043 0.060 0.027 0.024 0.034 0.070 0.030 --
1005 0.065 0.042 0.059 0.028 0.024 0.035 0.073 0.029 --
Magnetic Properties
J;, Am?/kg 1.29 0.76 1.30 0.85 433 0.16 0.71 0.64 0.92
e 106 mdkg 113 6.5 11.7 11.9 74.5 1.40 11.1 6.4 9.8
Chemical Composition, %
Si0, 49.25 49.99 49.69 49.44 44.80 50.48 49.47 50.57 49.74
TiO, 2.94 2.72 2.82 2.81 427 2.57 2.81 2.54 2.77
AlyO; 17.25 17.50 17.40 17.30 15.61 17.84 17.36 17.31 17.35
Fe,0;T 12.15 12.16 12.28 11.89 17.92 10.59 12.26 11.43 12.03
MnO 0.20 0.21 0.21 0.21 0.24 0.20 0.21 0.22 0.21
MgO 4.45 3.71 3.82 423 4.65 3.79 3.53 3.83 3.93
CaO 6.84 6.53 6.26 6.66 5.89 6.98 6.69 6.59 6.60
Na,O 4.17 4.34 451 4.43 3.67 429 4.19 434 433
K0 1.78 1.90 1.94 1.91 1.71 1.83 1.88 1.99 1.90
P,05 0.79 0.87 0.84 0.84 0.78 0.82 0.86 0.91 0.85
V, ug/g 140 119 132 135 240 101 118 110 126
Cr, pg/g 20 15 15 17 <10 <10 55 13 23
Total 99.82 99.93 99.77 99.72 99.54 99.38 99.26 99.73 99.71
LOI 2.50 1.77 1.37 1.20 0.97 1.31 1.45 1.29 1.60
SO; 0.088 0.103 0.103 0.090 0.090 0.092 0.094
FeO 5.84 6.12 5.86 6.59 9.86 5.94 6.46 5.26 6.02
Fe, 05 5.66 5.36 5.717 4.57 6.96 3.99 5.08 5.58 5.34
Fe3+/Fe2+ 0.872 0.788 0.886 0.624 0.635 0.604 0.708 0.955 0.797

aValues given for each wavelength are the reflectivity (equivalent IMP multispectral data).

palagonitic tephra are given in Table 7 and their variations
relative to average unaltered hawaiitic tephra (AUHT) for all
samples (<1-mm size fractions) are shown in Figure 6b. Relative
to AUHT, palagonitic tephra are oxidized and rich in water. They
are also systematically depleted (relative to volatile-free
compositions) in SiO,, CaO, and the alkali metals (K2O and
Nay0) and enriched in TiO,, Al03, Fe;03T, and MnO. MgO
and P,Os are enriched in some samples and depleted in others.
The relatively high dispersion for MgO compared to other major
elements suggests variability in the MgO concentration of the
precursor materials. The chemical fractionation trends that occur
during formation of palagonitic tephra by hydrolytic alteration are
more evident in Figure 6c, where the average of the four samples
(<1 mm) with the lowest SiO, and K,O concentrations is plotted.
Chemical fractionation is usually observed in palagonitic
materials [e.g., Jakobsson, 1972; Ailin-Pyzik and Sommer, 1981;
Staudigel and Hart, 1983; Eggleton et al., 1987; Jercinovic et al.,
1990; Thorseth et al., 1991; Morris et al., 1993]. SiO, and alkali
loss to aqueous solutions (leaching) usually results where
meteoric water is involved. In marine environments, alkali loss is
reduced, and enrichments (e.g., KoO and MgO) are sometimes
observed, presumably in response to the higher alkali content in

seawater relative to meteoric water. Al,O3 is apparently enriched
or depleted depending on acidity. According to Thorseth et al
[1991], oxidizing environments and pH >3 are required for
retention (precipitation) of Al)O3, TiO;, and FepyO3T. Our
samples probably represent the relatively simple case where
leaching by meteoric water (from rain and snow) under oxidizing
conditions (high Fe3+/Fe2+ in palagonitic tephras) preferentially
removes soluble SiO;, MgO, CaO, and alkalis and leaves behind
(passive enrichment) insoluble phases containing TiO;, AlyOs,
Fep03T, MnO, and P,0s.

Also shown in Figure 6¢ are data for the <2-pm size fraction of
palagonitic tephras HWHP301 and HWMKG600. Except for MgO
and P,Os, the major elements are fractionated to a greater
extreme, but in the same direction, as for the <l-mm size frac-
tion. MgO is highly depleted and P,Os is highly enriched in the
<2-um size fraction. Because the <2-um size fraction is
dominated by fine-grained alteration products, we attribute
differences in behavior between the <l-mm and <2-pm size
fractions to high MgO solubility but slow dissolution kinetics of
MgO-rich phases. Slow dissolution kinetics relative to SiO, and
the other depleted elements in the <l-mm size fraction produce
the observed passive enrichment of MgO in that size fraction.
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Figure 5. Classification of Mauna Kea tephra according to

hydrolytic or sulfuric type of alteration: (a) Loss on ignition
(LOI) versus SO; concentration for palagonitic and sulfatetic
tephras and steam vent samples; (b) LOI versus K,O/MgO ratio
for palagonitic and sulfatetic tephras; and (c) Fe3*/Fe2* versus
K,0/MgO ratio for palagonitic and sulfatetic tephras. Hydrolytic
alteration (palagonitic tephra and steam vent samples) has
LOI/SO3 >6 and, for palagonitic tephra, K,O/MgO <0.5. Steam
vent samples are not included in Figure 5b and Sc because
analyses of unaltered precursor materials were not available.
Compared to unaltered tephra, altered tephras are volatile rich and
oxidized.

Once dissolved, however, MgO has a high solubility and is
leached away and not deposited in the <2-pm size fraction. A
similar situation likely exists for P;Os, except that, once
dissolved, it forms insoluble compounds and/or complexes with
the ferric np-Ox particles that are abundant and have a high
surface area in the <2-um size fraction. Phosphate sorption by
ferric oxides is a well-known phenomenon in terrestrial soils and
is considered to occur by formation of binuclear bridging
complexes with ferric iron atoms [e.g., Parfitt, 1978; Borggaard,
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1983; Pena and Torrent, 1984; Schwertmann and Taylor, 1989;
Cornell and Schwertmann, 1996].

The iron mineralogy of palagonitic tephra is very different
from that for unaltered tephra because the ferrous and ferric iron
in glass (sideromelane) is replaced by nanophase ferric oxides as
a result of hydrolytic alteration. This replacement is readily
apparent in the Mossbauer spectra in Figure 7. Instead of ferrous
and ferric iron in glass (the PH-13 spectrum), palagonitic tephras,
including JSC Mars-1, HWMK530, and HWMK600 (<1-mm size
fractions), are characterized by a doublet whose Mdssbauer
parameters (IS~0.34 mm/s and QS~0.73 mm/s at 293 K) imply
octahedrally coordinated ferric iron. As discussed previously by
Morris et al. [1993], the ferric doublet and the brown color result
from np-Ox particles that are imbedded within a hydrated
aluminosilicate matrix. The particles are associated with an
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Figure 6. Variation in compositional parameters relative to
average unaltered hawaiitic tephra (AUHT) for (a) samples of
chemically unaltered tephra, (b) all samples of palagonitic tephra
(<1-mm size fraction), and (c) the average of the four most altered
<l-mm palagonitic tephras and the <2-um size fractions of
HWHP301 and HWMKG600. All samples are from Mauna Kea
Volcano. The strong depletion in SiO, and alkalis results from
leaching during hydrolytic alteration.
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Figure 7. Mossbauer spectra (293 K) for unaltered and palagomtlc tephra from Mauna Kea: (a) unaltered tephra
(<1 mm); (b) palagonitic tephra (<1 mm); and (3) selected size and magnetic separates of HWMK600, HWMK530,

and JSC Mars-1.

Note that the doublet from nanophase ferric oxide (np-Ox) dominates spectra for the clay size

fractions (<2 pm). (Ol, olivine; Gl, glass; Hm, hematite; Mt, magnetite; Oct, octahedral; Tet, tetrahedral.)

unknown amount of water, so their mineralogy could range from
ferrihydrite to its anhydrous equivalent (nanophase hematite).

Mossbauer studies of size separates of palagonitic tephra
[Morris et al., 1990, 1993; Bell et al., 1993] show that the
proportion of iron associated with np-Ox increases with
decreasing size fraction; it is the dominant iron-bearing phase in
size fractions smaller than 20 um. The difference in relative
proportions of np-Ox in coarse and fine size fractions is shown in
Figure 7 for the 500- to 1000-um and the <2-pm size fractions of
HWMK600. The preferential enrichment of palagonite (i.e., the
np-Ox particles and their hydrated matrix material) in the finest
size fractions is also shown by chemical data for this tephra. The
values of LOI and Fe3t/Fe2+ for the relatively unaltered material
in the 500- to 1000-um size fraction (3.27% and 1.85, respec-
tively) are significantly lower than the corresponding values for
the <2-um size fraction (22.7% and 3.05, respectively).
Enrichment of palagonitic material in the finest size fractions is
the expected result for a product of hydrolytic alteration. Allen et
al. [1981] and Singer [1982] show scanning electron microscope
(SEM) photomicrographs of friable rinds on individual particles
of palagonitic tephra. The rinds flake off and become the fine-
grained palagonitic material.

As discussed by Morris et al. [1990], the presence and near
absence of disseminated Fe-Ti spinels in tachylite and palagon-
itized sideromelane particles, respectively, account for the
dominance of relatively unaltered material in magnetic separates
and highly weathered sideromelane (palagonite) in nonmagnetic
separates of HWMKI1. Mgssbauer spectra for magnetic and
nonmagnetic separates of JSC Mars-1 are consistent with this

result, as shown in Figure 7. By visual inspection, the Fe-Ti
spinel sextet and olivine doublet are a larger proportion of the
total spectral area for the magnetic separate. The higher values of
LOI (24.89 versus 9.66%) and Fe3+/Fe2+ (5.38 versus 1.62) for
nonmagnetic versus magnetic separates of JSC Mars-1 (Table 7)
are chemical evidence for enrichment of palagonitic material in
the nonmagnetic fraction.

Like unaltered tephra, XRD data for palagonitic tephra (JSC
Mars-1, HWMK530, HWMK600, and HWHP301) are dom-
inated by diffraction lines for plagioclase feldspar (Figure 8b).
Lines for titanomagnetite are present near 33.2° and 62.5° 20.
Very weak lines corresponding to the most intense olivine and
pyroxene lines are present at 29° and 32.4° 20, respectively. The
broad structure near 35.5° 20 is an envelope of lines from Fe-Ti
spinel, feldspar, olivine, and pyroxene; the peak maximum
corresponds to the feldspar line, and the asymmetric broadening
to lower angles is the unresolved titanomagnetite peak.

In contrast to many studies of palagonitic samples [e.g.,
Jakobsson, 1972; Ailin-Pyzik and Sommer, 1981; Staudigel and
Hart, 1983; Eggleton et al., 1987, Jercinovic et al., 1990;
Berkgaut et al., 1994], we did not observe (except for HWMK12)
phyllosilicates (smectites) or zeolites as alteration products, as
indicated by the absence of phyllosilicate diffraction lines in the
region 5°-10° 20. We also were not able to detect these lines in
oriented mounts of clay size fractions (<2 pum) of seven
palagonitic tephras (HWHP301, HWMKI1, HWMKS530,
HWMK600, HWMK612, JSC Mars-1, and PN-9 [Golden et al.,
1998]); the crystalline phases were plagioclase and magnetite.
Ugolini [1974], however, does report the presence of phyllo-
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Figure 8. Representative XRD powder patterns (293 K) of (a)
unaltered and (b) palagonitic tephra from Mauna Kea.
Plagioclase feldspar (F) dominates the spectra, but olivine (Ol),
Fe-Ti spinel (Mt), and trace clinopyroxene (Cpx) are also present.
The horizontal bar on the feldspar peak at ~28° 26 indicates the
peak is truncated.

silicates as products of hydrothermal alteration of basaltic tephra
on the upper slopes of Mauna Kea Volcano, possibly by hydro-
thermal solutions after tephra emplacement or by inter-action of
hot tephra with ice during subglacial eruptions. Wolfe et al.
[1997] discuss evidence that the alteration is subsequent to
emplacement. Presumably, the absence of phyllosilicates in our
palagonitic tephras implies subaerial alteration under ambient
conditions. We also found no obvious manifestation in XRD data
of the np-Ox that is readily apparent in Mdssbauer spectra (Figure
7). Either XRD is blind to np-Ox particles (because their
nanoscale dimension renders them amorphous to X-rays) or, as in
the case of ferrihydrite, np-Ox XRD lines are weak and broad and
consequently not detectable in the presence of abundant
crystailine material, especially magnetites. The 0.25- and 0.15-
nm lines of magnetites are at the same positions as the lines for
2-XRD-line ferrihydrite.

IMP-equivalent spectra for the <l-mm and <2-pm size frac-
tions of palagonitic tephra are shown in Figure 10. Like
previously published spectra of Mauna Kea palagonitic tephra
[e.g., Singer, 1982; Morris et al., 1990, 1993; Bell et al., 1993],
they are characterized by shallow ferric absorption edges from
445 to ~750-800 nm which result from nanophase ferric oxides
[Morris et al., 1993]. Between ~750-800 and 1000 nm, the
spectral slope ranges from positive (e.g., PN-9 and JSC Mars-1)
to approximately zero (e.g., HWMK530 and HWMK600) to
negative (e.g., HWHP301 and HWMKG612). Negative spectral
slopes produce a reflectivity maximum at either 750 or 800 nm.

MORRIS ET AL.: MARS PATHFINDER ROCKS AND SOILS

The reflectivity at 750 nm is highly variable and varies from
sample to sample at constant size fraction and, for size fractions
of the same sample, increases with decreasing particle diameter.
The ranges in R750 for the <1-mm size fraction and for the <2-,
2- to 5-, and <5 pum-size fractions of different tephra samples are
0.10-0.39 and 0.30-0.49, respectively. Figure 11a shows for JSC
Mars-1 that R750 increases regularly from 0.21 to 0.49 as the size
fraction decreases from 500-1000 through <2 um. Similar results
are reported for size separates of HWMKI1 [Morris et al., 1990],
PN-9 [Morris et al., 1993], and six samples from Puu Huluhulu
[Bell et al., 1993]. Figure 10 shows that, although the general
shape of tephra spectra is relatively constant and not strongly
dependent on particle diameter, the natural variation in
reflectivity between samples is significant even for the <lI-mm
size fraction.

Two factors, particle diameter and Fe-Ti spinel content,
contribute to the within-sample and between-sample variations in
R750. For size separates of the same soil, the increasing
reflectivity with decreasing size fraction is the variation expected
from the well-known dependence of particle size on optical
scattering coefficient [e.g., Wendlandt and Hecht, 1966]. Thus a
suite of tephra samples having a range in mean particle diameters
will have a range in R750. The effect of Fe-Ti spinels on R750
can be shown by magnetic separates because the opaque, black,
and strongly magnetic spinels are concentrated in the magnetic
fraction. The magnetic fraction of the <149 um size fraction of
JSC Mars-1 has a higher low-field susceptibility (19.1x10-6 m3/kg
versus 1.46x10-6 m3/kg) and lower R750 (0.14 versus 0.32) than
the corresponding nonmagnetic fraction (Figure 11a and Table 7).

The variation of R750 with titanomagnetite concentration, as
represented by Yy, is shown in Figure 11b. The extreme values of
¢ are for nonmagnetic and magnetic separates derived from JSC
Mars-1 and HWMKS513. The finest size fractions (<2, 2-5, and
<5 um) define a regular trend that, for any value of yys is the
observed upper limit R750. Thus we expect that the natural range
of R750 and 7¢ for Mauna Kea palagonitic tephra is the region
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Figure 9. Representative high-resolution and IMP-equivalent
spectral data (293 K) for unaltered tephra (<1 mm) from Mauna
Kea. (a) Spectra for HWMK12, HWMK?22, HWMKS513, and PH-
13 are nearly flat without significant indications of a ferric
absorption edge. (b) Spectra for HWMKS506 and HWMKS514
show weak ferric absorption edges, indicating minor (surface?)
oxidation.  The magnetic and nonmagnetic separates of
HWMK513 are both very dark with no apparent ferric absorption
edge.
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Figure 10. High-resolution and IMP-equivalent spectral data
(293 K) for the <1-mm (Figures 10a and 10b) and the <2-um
(Figure 10c) size fractions of palagonitic tephra from Mauna Kea.
Note the featureless ferric absorption edge extending from ~445
to ~750 nm. No minima from ferric or ferrous absorptions are
apparent in the region between 750 and 1005 nm. ‘

between the two dashed lines in Figure 11b. The actual values
obtained for a particular palagonitic tephra depend on the value of
yif for its unaltered precursor tephra (range from Figure 11b is
~1.5x10-6 to 70x10-6 m3/kg) and the extent of alteration of glass
to palagonitic material, which decreases the mean particle size
and increases R750. Although we do not have such a sample,
aeolian processes could entrain and form drifts from fine-grained
materials like the <2-um size fractions of palagonitic tephra.
5.3.3. Sulfatetic tephra. Compositional parameters for
sulfatetic tephra are given in Table 8. Relative to unaltered tephra
(Figure 12), they are oxidized, rich in volatiles (H,O and SO3),
and, on a volatile-free basis, strongly depleted in MgO and
moderately depleted in MnO and CaO. Most sulfatetic tephra
(Figure 12a) are moderately enriched in Fe;O3T; the other major
elements (SiO;, TiO;, AlLO3, NayO, K0, and P,0s) are not
systematically enriched or depleted. K-rich jarosite
((K,Na,H30)Fe3(SO4)2(OH)g) is the sulfatetic alteration’ product
for all 10 tephra samples shown in Figure 12a, as shown by the
XRD line at 17.7° 26 for HWMKS515 and HWMK620 in Figure
13. The presence of jarosite is confirmed by the ferric doublet
(IS~0.36 mm/s and QS=1.15 mmy/s) in their Mossbauer spectra
(Figure 14). Two of the 10 sulfatetic tephras (HWMKS503 and
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HWMKS504) have both jarosite and hematite as alteration
products, as shown by the Mossbauer spectrum of HWMK504 in
Figure 14.

For clarity, the three sulfatetic tephras in Figure 12a with the
most extreme fractionation patterns (HWMKS511, HWMKS515,
and HWMK620) are replotted in Figure 12b. These patterns are
consistent with alteration of the tephra by acid-sulfate (sulfuric
acid) solutions. According to Lindsay [1979], the relative solu-
bility of sulfate salts decreases in the order MgSQ4 >> FeSO,4 >>
KAI3(SO4)2(OH)s (alunite) ~CaSO4-HpO > KFe3(SO4),(OH)g (K-
jarosite). The elemental fractionation pattern in Figures 12a and
12b follows this solubility sequence. Precipitation of insoluble
jarosites enables retention of Fe;O3 and the alkalis and accounts
for the large SO3 concentration. MgO and MnO, which form
very soluble sulfate salts, are lost by leaching.

Four sulfatetic tephras (HWMK20, HWMK?24, HWMK?26 and
HWMKS508) have elemental fractionation patterns (Figure 12¢)
and/or alteration products (Figures 13 and 14) distinctly different
from those discussed above. HWMK?24, whose iron mineralogy
is previously discussed by Morris et al. [1996], is a case where so
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Figure 11. (a) Variation of high-resolution and IMP-equivalent
spectral data for size and magnetic separates of JSC Mars-1. The
magnetic fraction is darker than the nonmagnetic fraction. (b)
Variation of the reflectivity at 750 nm as a function of low-field
susceptibility for size and magnetic (M, magnetic; NM,
nonmagnetic) separates of unaltered and palagonitic tephras. The
horizontal dashed line at R750~0.04 is the reflectivity defined by
the <l-mm size fraction of unaltered tephra. As indicated by the
diagonal dashed line, the finest size fractions become darker with
increasing susceptibility, a result of increasing concentrations of
opaque, black, and magnetic Fe-Ti oxides.
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Figure 12. Variation in compositional parameters relative to
average unaltered hawaiitic tephra (AUHT) for (a) samples of
sulfatetic tephra that have jarosite as an alteration product, (b) the
four most altered jarositic tephras in Figure 12a, and (c) sulfatetic
tephras with alunite (HWMKS508), hematite (HWMK20), and
Ti-containing jarosite (HWMKZ26) as alteration products and a
very extreme case of jarosite formation (HWMK24). For jarositic
tephra (excluding the extreme case of HWMK24), MnO and MgO
are the only elements that are strongly leached during sulfuric
(acid-sulfate) alteration.

much K-rich jarosite is present that only the major elements
(volatile-free basis) associated with K-jarosite (KO and Fe;O3)
are enriched. Possibly, this tephra came from a region where, in
addition to leaching, there was accumulation of K-jarosite.
Fractionation patterns for the other three tephras are different
because their alteration products are not K-rich jarosite. Alunite
(generalized formula (K,Na,H30)Al3(SO4)2(OH)e) is the altera-
tion product identified in the XRD spectrum of HWMKS508. Note
that alunitic and jarositic tephra are enriched and depleted,
respectively, in Al,Os relative to Fe;O3T in response to the chem-
istry of their alteration products. XRD and especially Mdssbauer
data indicate the presence of hematite as an alteration product in
HWMK20; no jarosite or alunite is indicated. The Mdssbauer
parameters for the prominent doublet (IS~0.32 mm/s and
QS~1.04 mm/s) for HWMK20 are consistent with tetrahedrally
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coordinated ferric iron, probably in association with glass. This
sample and HWMK24 have the highest Fe3+/Fe2+ ratio (~12) we
observed for palagonitic and sulfatetic tephra (<l-mm size
fraction). In spite of the fact that no sulfate minerals were
detected, the element fractionation pattern for HWMK20 is quite
similar to that for jarositic tephras.

The fractionation pattern for HWMK26 is unique. It has the
most extreme depletion in MgO and MnO, which is consistent
with extensive acid-sulfate alteration. The unusual aspect of the
pattern is that both Al;O3 and Fe,O3T are depleted relative to
TiO;. The XRD data indicate the presence of jarosite but in
reduced amounts in comparison to other jarositic tephras like
HWMKS515; the Mossbauer spectrum is also consistent with
jarosite. At present we have no explanation for this fractionation
pattern, except that Golden et al. [1996] report the possibility of
Ti-bearing jarosite in this sample.

In the above discussion, we identified jarosite, alunite, and
hematite as products of sulfuric alteration processes. As sum-
marized in Table 9, K-rich jarosite is the most common sulfuric
alteration product, with HWMK?24 and HWMKS515 having the
highest proportions of this mineral. Multiple alteration products
are often present in the same sample. For example, both K- and
Na-jarosite are identified in the XRD pattern of HWMKS515, and
both jarosite and hematite are present in the Mossbauer spectra of
HWMKS503 and HWMKS504. Bishop et al. [1998a] report both
jarosite and hematite in an altered tephra from Haleakula Volcano
(island of Maui, Hawaii). HWMK20 and HWMKS508 have the
highest proportions of hematite and alunite, respec-tively. XRD
data (Figure 13) show that Na-jarosite is the dominant sulfate in

HWMK620 ‘
HWMKS12
Alu Alu
| HWMK508 \

P T T U N TN WO SO T N ST T S SO I B B T N B U S I G S A A A

0 10 20 30 40 50 60 70
Degrees 20 (Cu Ka Radiation)

Figure 13. Representative XRD powder patterns (293 K) for
sulfatetic tephra (<1-mm size fraction). Plagioclase feldspar (F) is
the dominant mineral phase (intense peak at ~28° 20 is truncated).
Diffraction peaks from jarosite (Jar) are present in HWMKS515,
HWMK620, and HWMKS512.  Diffraction lines from alunite
(Alu) and hematite (Hm) are present in HWMKS508 and
HWMK20, respectively.
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Figure 14. Mossbauer spectra (293 K) for representative sulfatetic tephras from Mauna Kea: (a) <l-mm size

fractions and (b) <5-um size fractions.

Jarosite is the dominant ferric alteration product for HWMKS515,

HWMK26, and HWMK620. An unidentified mineral with a smaller quadrupole splitting than jarosite dominates
the HWMKS512 spectrum. The ferric mineralogy of HWMKS504 is dominated by hematite and jarosite. The ferric
mineralogy of HWMK20 is dominated by hematite and Fe3+ in tetrahedral coordination (glass). (Gl, glass; Jar,

jarosite; Hm, hematite; tet, tetrahedral.)

HWMKS512; unfortunately, we did not have enough of this
sample to do major element analyses.

Like np-Ox and palagonitic tephra, sulfatetic alteration pro-
ducts are preferentially concentrated in the finest size fractions, as
shown by the Mdgssbauer data in Figure 14. The doublets
associated with ferrous and ferric iron in glass and ferrous iron in
olivine, which are clearly evident in the <1-mm size fractions, are
absent or have reduced intensity in comparison to peaks from
alteration products in <5-um size fractions. Presumably, this
variety in sulfate minerals and the proportions of sulfates to
hematite results from variations in local conditions of pH and
temperature. Jarosite, for example, is generally considered to
precipitate in acidic (pH <4), oxidizing environments [e.g., van
Breemen, 1982]. We found no evidence in XRD data for gypsum
(CaS04-2H,0), which is a common sulfuric alteration product, or
any ferric oxide alteration product other than hematite. As dis-
cussed by Morris et al. [1996] in connection with sample
HWMK?24, hydrothermal acid-sulfate alteration probably
occurred during or after cinder cone formation when SOj-rich
volcanic gases percolated through the cone forming (in an
oxidizing environment) the sulfuric acid that attacked the
volcanic glass (sideromelane).

IMP-equivalent spectra for 17 sulfatetic tephras (<1-mm size
fraction) can be categorized into four spectral groups (Figure 15).
The reflectivity for the first group (Figure 15a) is relatively flat
with a weak ferric absorption edge and no apparent evidence for a
ferric reflectivity minimum. A very broad and ill-defined

reflectivity maximum occurs between 600 and 750 nm. The most
reflective sample (HWMKS508) is gray in color (black unaltered
tephra plus white alunite). The remaining samples are olive
green. The second group (Figure 15b) is similar to the first
except that the ferric absorption edge is stronger, which results in
a better defined reflectivity maximum between 670 and 750 nm.
Their color is yellow from jarosite. The third spectral group
(HWMK24 (yellow) and HWMKS512 (orange)) is characterized
by definable reflectivity maxima at 750 nm and minima near 915
nm (Figure 15c). The fourth group (HWMK20, HWMK503, and
HWMKS504 (all red)) has reflectivity maxima at 750 nm and
minima at 860-875 nm. Comparison with reflectivity spectra for
ferric minerals (Figure 3) confirms that the positions of the
spectral features for the third and fourth groups are spectral
manifestations of the jarosite and hematite, respectively, iden-
tified in these samples by XRD and Mossbauer. Spectral
identification of hematite, but not jarosite, in HWMK503 and
HWMKS504 shows spectral masking of jarosite features by
hematite.

IMP-equivalent spectra for the <5-um size fraction for 10
sulfatetic tephras are shown in Figure 16. With one exception
(HWMKS512), the reflectivity is higher and the M1-T1 spectral
contrast is greater for the <5-um size fraction compared to the
<l-mm size fraction of the same sample. For example, the
maximum reflectivity for the <I-mm size fraction of HWMKS511
is about 0.16, and no definable M1 feature is present (Figure 15).
The maxim}xm reflectivity for the <5-um size fraction is 0.47, and
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Table 9. Hydrolytic, Sulfuric, and Hydrochloric Alteration Products Identified in Tephra, Steam Vent, and
Impactite Samples by Massbauer Spectroscopy, X-Ray Diffraction, and IMP Multispectral Data

Sample

Mossbauer
Spectroscopy

X-ray
Diffraction

IMP Multispectral

Data

All Techniques

Palagonitic Tephra (Hydrolytic Alteration)

HWHP301 np-Ox none (no Smy) np-Ox np-Ox
HWMKI1, HWMKI11, HWMK12, np-Ox none (no Sm, except np-Ox np-Ox
HWMK530, and HWMK600 HWMK12)
through HWMK612
JSC Mars-1 np-Ox none (no Sm) np-Ox np-Ox
PN-9 np-Ox none (no Sm) np-Ox np-Ox
Sulfatetic Tephra (Sulfuric Alteration)
HWMK20 Hm, Gl(tet-Fe3+) Hm Hm Hm, Gl(tet-Fe3+)
HWMK24 and HWMK26 Jar K-Jar Jar Jar
HWMK501, HWMKS502, Jar Jar Jar Jar
HWMKS505, HWMKS507,
HWMKS509 HWMK510,
HWMKS511, HWMKS515,
HWMKS517, and HWMK620
HWMKS503, HWMKS504 Jar, Hm K-Jar, Hm Hm Jar, Hm
HWMK508 None Alu none Alu
HWMK512 np-Ox Jar pe-Gt/Sch/Akg np-Gt/Sch/Akg
Steam Vents (Hydrolytic Alteration)
HWSB501 Hm, np-Ox Hm, pc-Gt, Cri pc-Gt/Sch/Akg Hm, np-Gt, Cri
HWSB531 Hm, np-Ox Hm, pc-Gt, Hm Hm, np-Gt,
Cri, Hal Cri, Hal
HWSB532 Hm, np-Ox Hm, pc-Gt, Cri pe-Gt/Sch/Akg Hm, np-Gt, Cri
HWSB533 Hm, np-Gt/np-Ox pc-Gt, pc-Hm, pe-Gt/Sch/Akg Hm, np-Gt,
Hal, Sm Hal, Sm
HWSB534 and HWSB535 Hm, np-Ox Hm, Cri pc-Gt/Sch/Akg Hm, Cri,
np-Gt/Sch/Akg
HWSB536 Hm, np-Ox Hm, pc-Gt, Cri pc-Gt/Sch/Akg Hm, np-Gt, Cri
Steam Vents (Hydrochloric Alteration)
HWMU387 np-Ox Akg pe-Gt/Sch/Akg Akg
Impactites (Relithification)
H3Al Mh, np-Ox Mh np-Ox Mh, np-Ox
H3A2 Mh, Gt Mh, Gt pc-Gt/Sch/Akg Mh, Gt
HI11A Mh, np-Ox Mh np-Ox Mh, np-Ox

Minerals: Hm, hematite; Gt, goethite; Mh, maghemite; Sch, schwertmannite; Akg, akaganéite; Feh, ferrihydrite; np-Ox,
nanophase ferric oxide; Cri, cristobalite; Jar, jarosite; Alu, alunite; Sm, smectite; Hal, halloysite; Gl, glass. Phases separated
by slashes are all possible interpretations; only one need be present. Prefixes: np, nanophase; pc, poorly crystalline; tr,

trace; tet, tetrahedral.

a M1 feature is present at 915 nm (Figure 16). The <5-um size
fractions of sulfatetic tephra are systematically brighter (R750)
and less magnetic than the finest size fractions of palagonitic
tephra, presumably because the black, magnetic Ti-Fe spinels in
unaltered tephra suffer partial dissolution by sulfuric acid and are
not reconstituted (see section 10.2). '

6. Kilauea Steam Vents

6.1. Samples and Alteration Process

Eight samples of altered volcanic material from active steam
vents associated with Kilauea Volcano were studied (Table 5).
One was collected in 1987 (J. B. Adams) at Mauna Ulu, and the
remaining seven were collected at Sulfur Bank in 1995 and 1996
(R. V. Morris and J. F. Bell III). Major element, magnetic, and
IMP-equivalent spectral data are given in Table 10. Spectral and
magnetic data for the <2-um size fraction are also reported for

several samples. Chemical data for Kilauea basalt BHVO-1
[Govindaraju, 1994] are used as the composition for the precursor
lava for the Sulfur Bank samples because we do not have an
unaltered basalt from this location.

LOI and SOj3 data for Kilauea steam vent samples are included
in Figure 5a along with data for palagonitic and sulpha-tetic
tephras. Their LOI/SO3 ratios (6<LOI/SO3<40) are intermediate
to those for palagonitic (LOI/SO3>40) and sulfatetic
(1<LOI/S0O3<6) tephras. Are these samples subjected to hydro-
lytic or sulfuric alteration? We cannot use the K;O/MgO ratio to
differentiate alteration type (as in Figure 5) because we do not
have chemical analyses for samples that are demonstrably the
precursor (unaltered) material of the steam vent samples. As
discussed below, sulfate minerals are not observed as alteration
products, so Sulfur Bank samples most likely experienced
hydrothermal hydrolytic alteration. This is perhaps not surpris-
ing because the HyO/SOj3 ratio, on a mole basis, ranges between
40 and 180, assuming that the balance of LOI is H,O.
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Figure 15. High-resolution and IMP-equivalent spectral data
(293 K) for sulfatetic tephra (<1-mm size fraction). (a) Sulfatetic
tephras with no apparent band minimum in the region 750-1000
nm. All samples contain jarosite, except HWMKS508, which has
alunite. (b) Jarositic tephra with no apparent band minimum and
a steeper ferric absorption edge than the jarositic tephras in Figure
15a. (c) Sulfatetic tephras that have a band minimum near 920
nm. HWMK24 contains jarosite, and HWMKS512 contains
jarosite and another ferric phase. (d) Sulfatetic tephra whose
spectral properties are dominated by hematite (band minimum
near 860 nm, reflectivity maximum at 750 nm, and strong ferric
absorption edge).

6.2. Sulfur Bank

The steam vent samples from Sulfur Bank are volatile rich
(LOI = 11-18%) and oxidized (Fe3+/Fe2t=2.5-20). The variation
of compositional parameters (volatile-free basis) relative to
BHVO-1 is shown in Figure 17. These samples are heavily
altered, and the fractionation patterns are distinctly different from
the ones discussed earlier for palagonitic and sulfatetic tephra.
Fe;03T, TiO,, and P»Os are enriched by factors of 2-4. Al;O3 is
slightly enriched in two samples and depleted in five samples;
MgO and MnO are undepleted to slightly enriched in three
samples and depleted in the other four. Variations in MgO and
MnO are coupled by sample, but variations of MgO and Al,O3
are not. SiOj is generally depleted, and CaO, NayO, and K,O are
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strongly depleted for all samples. In general, all elements except
FeyO3T, TiO;, and P,Os are being leached under oxidizihg
conditions, leaving highly oxidized residues with high
proportions of Fe;O3 and TiO; (33-61%).

Differences in the compositional fractionation patterns of
Sulfur Bank samples correlate with the amount of residual
pyroxene. The three samples in Figure 17a (HWSBS501,
HWSB534, and HWSBS535) are unfractionated or slightly
enriched in MgO, and the four samples in Figure 17b (HWSB531,
HWSB532, HWSB533, and HWSB536) are strongly depleted in
MgO. As shown by comparison of the pyroxene-dominated
Mossbauer spectrum  of unaltered basalt BHVO-1 to
representative Mossbauer spectra for the steam vent samples
(Figure 18), pyroxene is present in the high-MgO group and
absent in the low-MgO group. The same result follows from
XRD data (Figure 19). Diffraction lines from pyroxene are strong
for the first group (e.g., HWSB535) and absent (HWSB531) to
very weak (HWSB536) for the second group. Presumably,
differences in local conditions resulted in more severe leaching of
MgO (and covarying MnO?) from the samples in the second
group relative to the first. Depletion of Al,Oj relative to Fe;O3T
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Figure 16. High-resolution and IMP-equivalent spectral data
(293 K) for sulfatetic tephra (<5-um size fraction) for selected
samples from Figure 15. Compared to the <lI-mm size fraction,
IMP-equivalent multispectral data of the <5-pum size fraction
show enhanced spectral characteristics of ferric alteration
products. (a) Jarositic tephras without a definable jarosite band
minimum in the <1-mm size fraction have a definable minimum
(~920 m) in the <5-um fraction. HWMKS508 does not have a
minimum, in keeping with the presence of alunite. (b) The
jarosite (HWMK24) and hematite (HWMK20, HWMK503, and
HWMK504) bands are present with increased spectral contrast in
the <5-pm compared to the <1-mm fractions.
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Table 10. Multispectral, Magnetic, and Chemical data for Steam Vent Samples from Sulfur Bank and Mauna Ulu, Kilauea Volcano

) HWSB- HWSB- HWSB- HWMU-
HWSB501 531 HWSB532 533 HWSB534 HWSBS535 536 387
<Imm <Spm <Ilmm <Ilmm <2pm <lmm <lmm <2pm <Ilmm <2pum <Imm <lmm
Wavelength?, nm
445 0.058 0.057 0.044 0.039 0.044 0.071 0.055 0.053 0.050 0.049 0.070 0.062
480 0.068 0.069 0.046 0.042 0.053 0.081 0.062 0.066 0.056 0.060 0.080 0.070
530 0.112 0.116 0.058 0.058 0.085 0.135 0.084 0.105 0.074 0.094 0.124 0.100
600 0.202 0.222 0.135 0.128 0.220 0.267 0.134 0.192 0.126 0.184 0.245 0.192
670 0.252 0.285 0.207 0.177 0314 0.321 0.167 0.243 0.159 0.239 0.293 0.241
750 0.282 0.326 0.246 0.207 0.364 0.384 0.194 0.283 0.182 0.277 0.337 0.261
800 0.278 0.322 0.233 0.197 0.353 0.362 0.190 0.286 0.180 0.276 0.321 0.246
860 0.266 0.311 0.223 0.186 0.340 0.333 0.185 0.281 0.173 0.269 0.298 0.230
900 0.259 0.308 0.226 0.182 0.338 0.327 0.178 0.278 0.167 0.266 0.289 0.226
930 0.256 0.307 0.232 0.182 0.340 0.330 0.173 0.277 0.164 0.265 0.289 0.226
970 0.255 0.309 0.244 0.185 0.345 0.344 0.173 0.279 0.165 0.267 0.293 0.230
1005 0.258 0.311 0.252 0.190 0.351 0.363 0.174 0.280 0.165 0.270 0.300 0.236
Magnetic Properties
Js, Am2/kg 091 0.69 1.09 1.55 1.10 0.108 1.00 1.19 1.36 1.55 1.09 0.00
e 10-6m3/kg 8.1 7.9 12.1 16.6 15.6 1.00 9.3 12.3 11.8 14.9 9.6 0.24
Chemical Composition, %
SiO, 35.89 - 30.42 23.49 - 47.65 40.67 - 37.98 - 49.25 -
TiO, 5.13 - 8.41 10.08 -- 4.63 5.43 - 6.46 - 6.05 -
AlyO5 18.42 - 16.68 7.43 -- 8.11 5.45 - 424 - 3.46 -
Fe,0;T 27.74 - 40.92 50.66 - 35.03 27.82 - 32.55 - 33.71 -
MnO 0.16 - 0.06 0.09 -- 0.03 0.17 - 0.16 - 0.07 -
MgO 7.68 - 1.17 3.85 -- 1.73 10.68 - 9.74 - 3.09 -
CaO 3.85 - 0.41 2.16 -- 1.42 7.47 - 6.58 - 2.04 -
Na,O 0.30 - 0.09 0.22 -- 0.27 0.72 - 0.57 - 0.37 -
K,0 0.16 - 0.07 0.13 -- 0.14 0.36 - 0.35 - 0.38 -
P,05 0.44 - 0.57 0.86 - 0.58 0.44 - 0.50 - 0.77 -
V,pg/lg 416 - 893 1076 - 410 671 - 775 - 911 -
Cr,ug/g 1504 - 1812 2232 - 1516 1388 - 1595 - 1001 -
Total 99.77 - 98.80 98.97 - 99.59 99.21 - 99.13 - 99.19 -
LOI 18.35 - 14.40 14.11 - 15.96 14.12 - 12.64 - 10.65 -
SO; 1.68 - 1.45 1.83 - 1.20 - - 0.74 - 1.317 -
FeO 391 - 1.95 4.11 - 1.50 7.11 - 6.61 - 3.95 -
Fe,0; 23.39 - 38.75 46.09 - 33.36 19.92 - 25.20 - 29.32 -
Fe3+/Fe2+ 5.38 - 10.1 - 20.0 2.52 - 343 - 6.68 -

17.9

aValues given for each wavelength are the reflectivity (equivalent IMP multispectral data).

and TiO, implies dissolution and removal of the elements
associated with feldspar. The diffraction line from cristobalite in
all the samples except one (HWSB533) shows that some of the
dissolved SiO, precipitates as that phase. Diffrac-tion lines from
poorly crystalline halloysite (AlySiyO5(OH)y) are clearly present
in HWSBS531 and just visible in HWSB532 and HWSB533. This
mineral is a plausible explanation for the rela-tively high Al;O3
concentration for these three samples.

The Mossbauer and XRD data show that the liberated ferrous
iron is oxidized and precipitated primarily as poorly-crystalline to
nanophase hematite and goethite. Poor crystallinity is indi-cated
by the broad and low-intensity XRD linés. On the basis of XRD
line intensities, the ratio of hematite to goethite is highest in
HWSB531 and lowest in HWSB533. The Méssbauer data are
consistent with the XRD data: the relative intensity of the hema-
tite sextet (IS~0.38 mm/s, QS~-0.16 mm/s, and B,s=50.2 T at 293
K) is greater in HWSB531 than HWSB533. The asymmetric
shape of the hematite peaks and reduced value of Byr compared to
well-crystalline hematite (Bys~51.4 T) are consistent with impuri-
ties/defects in the hematite structure, possibly Al3* and/or H,O
and OH- [e.g., De Grave et al., 1982; Dang et al., 1998]. A3+ is
a common substitutional impurity for Fe3* in oxides in terrestrial
environments [e.g., Cornell and Schwertmann, 1996). Goethite

sextets are not present, implying the phase is probably super-
paramagnetic (nanophase) and contributes to the ferric doublet.

The IMP-equivalent spectral data (Figure 20) are all
characterized by a ferric absorption edge extending from 445 nm
to a reflectivity maximum at 750 nm. The three pyroxene-bearing
samples (Figure 20a) have €ither no definable ferric minimum
(HWSB534 and HWSB535) or a poorly defined mini-mum
(HWSB501) near 945 nm. Presumably, this behavior is a result
of the high-energy wing of a more intense ferrous pyroxene band
centered near 1000 nm. The four essentially pyroxene-free
samples have definable minima associated with ferric iron. The
spectral presence of hematite in HWSB531 is clearly indicated by
the minimum at 860 nm and relatively strong absorption at 530
nm. The 900- to 930-nm T1 values for HWSB532, HWSB533,
and HWSB536 are consistent with the goethite observed in the
XRD data.

6.3. Mauna Ulu

We did not have sufficient quantities of the Mauna Ulu sample
(HWMU387) to obtain major element analysis. The Mossbauer
spectrum (293 K) of the <l-mm size fraction (Figure 18) is
consistent with doublets from glass (Fe2+ and Fe3+) and np-Ox
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Figure 17. Variation in compositional parameters relative to
BHVO-1 for Sulfur Bank steam vent samples. (a) Samples
(HWSB501, HWSB534 and HWSB535) which have no MgO
depletion and (b) samples (HWSB531, HWSB532, HWSB533,
and HWSB536) which have a MgO depletion. For all samples,
TiO,, FeyO3T, and P,Os are the only major elements that are
always enriched.

and a minor hematite sextet. The XRD pattern of the <5-pm size
fraction (Figure 19) has lines characteristic of akaganéite,
implying that the np-Ox is at least in part this oxide. HWMU387
is the only sample for which we observed this mineral.
Akaganéite usually forms in the presence of chloride ion [Cornell
and Schwertmann, 1996], presumably in association with HCI-
rich volcanic gasses at the steam vent (hydrothermal,
hydrochloric alteration). The IMP-equivalent spectrum (Figure
20) has M1 (750 nm), T1 (931 nm), and spectral shape that are
consistent with akaganéite (Figure 3a).

7. Meteor Crater Impactites

Samples of irregularly shaped beads of impact melt
(impactites) produced during the formation of Meteor Crater
(Arizona) at 49+3 ka [Sutton, 1985] were obtained from C. B.
Moore. The impactor was the Canyon Diablo octahedrite whose
main mass is reported by Moore et al. [1967] to be 89.7% Fe,
7-10% Ni, and 0.40% Co. Impactite beads are brown in color and
sorted into two groups by size (1-5 mm and 5-10 mm). About
20% of the 1- to 5-mm beads (sample H3A) were strongly
attracted to magnetized tweezers. The magnetic beads were
removed to constitute sample H3A2; the remaining, relatively
nonmagnetic beads are sample H3A1. The group of 5- to 10-mm
particles (sample H11A) did not contain strongly magnetic
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members. Aliquots of H3A1 and H11A were ground and sieved
into <150-pum and 150- to 1000-pm size fractions. All of H3A2
was ground and sieved to <150 um. Because sample quantities
were limited, we were able to obtain major element data for only
a bulk sample of HI1A (Table 11). We also obtained a rectang-
ular piece (~0.5x1.5x5 cm) of iron shale (oxidized iron meteorite;
sample MCIS1) that was collected by J. H. Jones on an alluvial
fan south of the south rim of Meteor Crater (circa 1978). We
ground a portion of the slab to a <150-um powder.

XRD spectra for the <150-um size fractions of MCIS1, H3Al,
H3A2, and H11A are shown in Figure 21. The iron shale
(MCISI) is predominantly maghemite, although very weak lines
from quartz and goethite are present. The absence of the
tetragonal superlattice lines implies that cation vacancies are not
ordered. Because the iron meteorite contains Ni, MCIS1 may
actually be a maghemite-rich solid solution of maghemite and
trevorite (NiFe;O4). The XRD patterns of maghemite and
trevorite are very similar. The Massbauer spectrum of MCIS1
(Figure 22) shows a single-sextet pattern whose Mossbauer
parameters are characteristic of maghemite (Table 2).
Asymmetric broadening toward zero velocity is indicative of
vacancy disorder and/or impurity-ion substitution. This piece of

BHVO-1

|
Hm| I !

HWSB535, <1 mm

HWSBS31, <1 mm

HWSB533, <1 mm

Gl(2+)
np-Ox i |
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Figure 18. Mossbauer spectra (293 K) for Hawaiian basalt
BHVO-1, representative Kilauea steam vent samples (HWSB535,
HWSB531, and HWSB533), and Mauna Ulu steam vent sample
HWMU387. The basalt spectrum is dominated by Fe2+ in
pyroxene. HWSBS535 is characterized by a pyroxene doublet, a
hematite sextet, and a ferric doublet resulting from np-Ox.
HWSB531 and HWSBS532 are characterized by different
proportions of the hematite sextet and the np-Ox ferric doublet.
The spectrum of HWMU387 has a ferrous doublet associated
with glass and a ferric doublet resulting from np-Ox.
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Figure 19. Representative XRD powder patterns (293 K) for
Sulfur Bank and Mauna Ulu and steam vent samples. (a) Samples
HWSB534 and HWSB535 are rich in clinopyroxene (Cpx) and
also contain plagioclase feldspar (F), hematite (Hm), and
cristobalite (Cri). (b) Steam vent samples that contain little or no
pyroxene and feldspar. The Sulfur Bank samples have variable
proportions of hematite and goethite (Gt) with HWSB531 mostly
hematite and HWSB533 mostly goethite.  Cristobalite and
halloysite (Hal) are present in some samples. Akaganéite (Akg) is
present in the Mauna Ulu sample.

the impacting iron meteorite (a class IIIA) thus appears to be
completely oxidized to maghemite.

XRD patterns of H3A1 and H11A have diffraction lines from
pyroxene and quartz but not maghemite. Their Mossbauer spectra
(Figure 22) are consistent with pyroxene (IS=1.15+0.01 .mm/s;
QS=1.99+0.01 mm/s), olivine  (IS=1.16£0.01  mm/s;
QS=2.79+0.01 mm/s), and np-Ox (IS=0.36+0.01 mm/s and
QS=0.69+0.01 mm/s) and also have weak sextets from mag-
hemite. The presence of pyroxene and olivine is perhaps
unexpected because the target lithology consists of Moenkopi
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Sandstone, dolomitic limestones (Kaibab and Torroweap), and
Coconino Sandstone [Shoemaker and Kiefer, 1974; Roddy, 1978].
See et al. [1998], who are studying samples from the same suite
as ours, found that Meteor Crater impactites contain optically and
compositionally homogeneous glass whose composition
[Mittlefehldt et al., 1992] requires that meteorite (source of Fe),
sandstone (source of Si), and dolomitic limestone (source of Ca
and Mg) lithologies participated in its formation.  The
composition of HI11A also requires all three lithologies.
Presumably, pyroxene and olivine formed either from glass
divitrification or crystallization directly from the impact melt
shortly after impact. See et al. [1998] note that the near-surface
materials of glass impactites are substantially crystallized and
contain clastic quartz.

Impactite H3A2 has XRD lines from goethite, maghemite, and
quartz but not from pyroxene. Like maghemite, goethite may be
an oxidation product of the iron meteorite, or it may result from
alteration of ferrous-bearing glass. Evidence for maghemite
(sextet) and goethite (relaxed sextet) is also present in the
Mgssbauer spectrum. Feldspar was not detected in the XRD data
for any impactite, presumably because the low concentration of
Al,O3 (2.94%, Table 11) precluded its formation.

As expected, the low-field susceptibilities of the maghemite-
rich samples (MCIS1 and H3A2) are very high (380x10-6 and
160x10-6 m3/kg, respectively). The other two impactites (H3A1
and H11A), with minor amounts of maghemite as indicated by
Méssbauer data, have values of s (16x10-6 and 11x10-6 m3/kg,
respectively) that are more than a factor of 10 less than the
maghemite-rich samples.

IMP-equivalent spectral data for Meteor Crater iron shale and
impactites are shown in Figure 23. High-resolution 350- to 2100-
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Figure 20. High-resolution and IMP-equivalent spectral data

(293 K) for steam vent samples (<l-mm size fraction). (a)
Clinopyroxene-rich samples have a ferric absorption edge
between 445 and 750 nm and a poorly defined minimum between
930 and 965 nm from pyroxene. (b) In agreement with XRD
data, pyroxene-poor samples (Sulfur Bank) are characterized by
hematite-like spectra (HWSB531) with a minimum near 860 nm
to goethite-like spectra (HWSB533) with a minimum near 900
nm. The spectrum of HWMU387 is consistent with the
akaganéite observed in XRD data (minimum near 915 nm).
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Table 11. Multispectral, Magnetic, and Chemical Data for Meteor Crater Impactites and Rocks with Alteration Rinds
H3Al H11A
Meteor Crater H3A2 Meteor Crater MCIS1 WD232 M1497
150- Met. Crater 150- Met. Crater Meridan, CN  Munro, CD
I-4mm 1000 pum <150 um <150 pm 5-10mm 1000 um <150 pm <150 um Powder Powder
Wavelength?, nm
445 0.063 0.049 0.058 0.040 0.068 0.060 0.076 0.038 0.270 0.453
480 0.070 0.056 0.071 0.045 0.074 0.067 0.092 0.039 0.294 0.481
530 0.088 0.077 0.110 0.066 0.089 0.085 0.130 0.046 0.317 0.508
600 0.125 0.123 0.200 0.123 0.119 0.114 0.199 0.068 0.324 0.499
670 0.140 0.147 0.253 0.161 0.131 0.124 0.229 0.100 0.320 0.475
750 0.147 0.163 0.288 0.192 0.136 0.129 0.247 0.129 0.325 0.467
800 0.146 0.162 0.293 0.193 0.132 0.129 0.252 0.138 0.332 0.460
860 0.141 0.153 0.287 0.182 0.129 0.126 0.251 0.133 0.314 0.439
900 0.135 0.147 0.278 0.175 0.122 0.121 0.244 0.131 0.297 0.421
930 0.130 0.142 0.271 0.173 0.115 0.115 0.234 0.127 0.287 0.407
970 0.125 0.138 0.264 0.172 0.109 0.109 0.222 0.123 0.285 0.395
1005 0.123 0.137 0.263 0.174 0.106 0.105 0.216 0.122 0.289 0.390
Magnetic Properties
J;, Am2/kg - 2.42 227 25.5 - 1.68 1.84 50.1 - -
e 10-6 m3/kg  16.0 18.4 13.5 160 11.0 10.5 11.6 306 9.27 0.26
Chemical Composition, %
SiO, - - - - 48.97 - -- 0.60 52.04 51.02
TiO, - - -- - 0.20 - - 0.05 1.06 0.72
Al,Os -- - - - 2.94 - - 0.22 13.87 13.57
Fe,O;T - - - - 25.73 - - 97.89 14.16 12.69
MnO - - - - 0.08 - - 0.00 0.23 0.21
MgO - - - - 8.36 -- - 0.11 5.67 8.84
CaO - - - - 12.17 - - 0.70 9.89 10.31
Na,O - - - - 0.09 - - 0.05 2.31 1.74
K,0 - - - - 0.32 - - 0.03 0.57 0.58
P,0s - - - - 0.45 - -- 0.32 0.13 0.05
V, ng/g - - - - <3 - -- 21 333 264
Cr, pg/g - -- - - 107 - - 21 43 363
Total - -- - - 99.31 - - 99.98 99.93 99.73
LOI - - - - 1.40 - -- 3.97 1.93 3.50
SO; - - - - - - - - - -
FeO - - - - 16.72 -- - 2.09 10.06 9.90
Fe,04 - - - - 7.15 - - 95.57 2.98 1.69
0.385 - - 412 0.267 0.154

Fe3+/Fe+ - - - -

aValues given for each wavelength are the reflectivity (equivalent IMP multispectral data).

nm spectra show that the ferrous minimum for the pyroxene-
bearing impactites is near 1000 nm, which is expected for high-
Ca pyroxene [Cloutis and Gaffey, 1991]. The negative spectral
slope near 1000 nm in IMP-equivalent spectra of H3A1 and
HI1A results from the high-energy wing of this band. Although
the general increase in reflectivity between 400 and 750-800 nm
implies the presence of ferric iron, its mineralogy is not clearly
indicated in the reflectivity spectra. The only sample where a
particular ferric mineral is indicated in reflectivity data is H3A2
(<150 um), where the T1 near 930 nm and M1 near 800 nm are
consistent with the maghemite observed in XRD and Massbauer
data (see Figure 3).

8. Alteration Rinds on Rocks

Rocks exposed on the Martian surface will tend to have dust
coatings and will interact with their chemical and physical
environment and potentially develop alteration rinds on their
exterior. If rinds and/or coatings are present, data obtained from
analyses at rock surfaces (i.e., IMP spectral and APXS elemental
data) will preferentially report rind/coating properties and not
interior rock properties [e.g., Crisp, 1998]. The magnitude of the

influence of a rind and/or coating depends on their combined
thickness and the sampling depth of the analysis technique. We
investigated the effect of rinds on the optical and Méssbauer
properties of two rocks (a basalt and a basaltic komatiite) which
have both fresh and altered surfaces to determine if a strong ferric
signature in optical spectra necessarily corresponds to a
completely oxidized surface. Dark, fresh surfaces were obtained
by breaking the rocks. Altered surfaces, which were brown to
reddish brown in color, were produced by unknown natural
processes at some unknown time in the past. Reflectivity spectra
were obtained for both altered and unaltered surfaces and for
powders obtained from interior chips with no visibly altered
material. Thickness of alteration rinds were estimated using a
binocular microscope and calibrated micrometer disk with 50-pm
divisions. Transmission Mdssbauer spectra were obtained for the
powder, and backscatter Mgssbauer spectra were obtained for the
same exterior surfaces as reflectivity data. Major element
compositions for the bulk rocks are given in Table 11.

8.1. Rock WD232 (Basalt)

WD232 is a hand specimen of basalt from Meridan,
Connecticut (Ward’s Scientific). One side is a brown-colored
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Figure 21. (a) XRD powder patterns (293 K) of iron shale and
impactites from Meteor Crater. Iron shale (MCIS1) is essentially
pure maghemite (Mh). Impactite H3A2 is a mixture of goethite
(Gt), quartz (Q), and maghemite. Impactites H3A1 and HI11A
contain pyroxene (Cpx) and quartz. (b) XRD powder patterns of
samples from the interior portions of rocks WD232 (basalt) and
M1497 (basaltic komatiite). The WD232 spectrum shows the
presence of plagioclase feldspar (F), pyroxene, quartz, and
chlorite (Chl). For M1497, different proportions of the same
minerals are present.

altered surface whose thickness was estimated to be 200+20 pm.
XRD (Figure 21) and transmission Mdssbauer (Figure 24a) data
of a powder obtained from interior rock chips show that the
interior mineralogy is primarily plagioclase, quartz, pyroxene,
and magnetite. The backscatter Mossbauer spectrum of the
freshly broken surface is essentially equivalent to the transmission
spectrum; both are dominated by Fe2+ in pyroxene. The
backscatter spectrum of the altered surface shows the pyroxene
lines and a doublet from octahedrally coordinated Fe3*. The
ferric doublet is equivalent to the ones we observe in palagonitic
tephra and probably results from nanophase ferric oxide particles
associated with an unknown amount of water. It is also possible
that some of the Fe2+ in the pyroxene oxidized and is present at
lattice sites as paramagnetic Fe3+. In either case, the ferric
doublet is a product of hydrolytic alteration of exterior rock
surfaces.

The high-resolution reflectivity spectrum (350-2100 nm) of
unaltered powder of WD232 has a well-defined minimum at 970
nm, which is indicative of high-Ca pyroxene [e.g., Cloutis and
Gaffey, 1991]. The high-energy wing of this band is apparent in
the IMP-equivalent spectra in Figure 24b. There is also a shallow
minimum near 670 nm, which probably results from a
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Fe2+ — Fe3+ charge transfer band. The same features are present
in the spectrum of the fresh rock surface, but the spectral contrast
is lower. Spectral evidence for pyroxene is not present in the
IMP-equivalent spectrum for the altered surface. The shallow
minimum near 900 nm, reflectivity maximum near 800 nm, and
absorption edge from 400 to 800 nm are characteristics of Fe3+,
not Fe2+; ferrihydrite, for example, is a possible interpretation of
this spectrum (Figure 24b) that is consistent with the Mdssbauer
data.

8.2. Rock M1497 (Basaltic Komatiite)

- M1497 is a hand specimen of basaltic komatiite collected in
Munro Township (Canada) in 1978 (G. E. Lofgren). It has three
different altered surfaces and a broken surface dating from 1978
when the rock was collected. The thicknesses of the three rinds
are <50 um, 200+£50 pm, and 5.5+0.8 mm. Lichens on the sur-
face of the thickest rind were removed with a soft nylon brush
without destroying the surface. The two thicker rinds appeared to
have a redder-colored layer <50 pm thick at the top surface.
XRD (Figure 21) and transmission Mossbauer (Figure 25a) data
of a powder obtained from interior rock chips show that the
interior mineralogy is primarily quartz, plagioclase, chlorite, and
pyroxene.

MCIs1
Mh | I | | L J
| | IR ! 'Gt
np-Ox
H3A2, <150 um
IH IIOI
Px
np-Ox
H3A1, <150 um
H11A
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Figure 22. Mdssbauer spectra (293 K) for samples from Meteor
Crater. The maghemite sextet is the dominant feature present in
the spectrum of iron shale (MCIS1). The maghemite and a
partially relaxed sextet from goethite are present for impactite
H3A2; the goethite assignment is based on XRD data and the
Maossbauer spectrum for disordered goethite 6D-2 (Figure 2a).
Impactites H3A1 and H11A are characterized by ferrous doublets
from pyroxene and olivine and a ferric doublet resulting from np-
Ox.
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Figure 23. High-resolution and IMP-equivalent reflectivity

spectra (273 K) for samples from Meteor Crater. (a) Iron shale
MCIS1 is essentially monomineralic maghemite and impactite
H3A2 is maghemite, goethite, and quartz, on the basis of XRD
and Mossbauer data. (b) Impactite H3Al is pyroxene, quartz,
and goethite. The 1- to 5-mm spectrum corresponds to the
original impactite beads. The other two spectra are for size
separates made by grinding and sieving. (c) Impactite H11A is
mostly clinopyroxene and quartz. The 5- to 10-mm spectrum
corresponds to the original impactite beads. All impactite spectra
are characterized by a ferric absorption edge (445 to ~800 nm).
The minimum for ferrous iron in pyroxene occurs at ~1000 nm
and is not observed for H3A1 and H11A in IMP-equivalent
spectra. The weak minimum near 930 nm in H3A2 results from
goethite and/or maghemite. MCIS] has no minimum even
though it is essentially monomineralic maghemite, suggesting the
minimum in H3A2 results from goethite.

Backscatter Mossbauer spectra for the unaltered surface and
the 200-um and 5.5-mm rinds are shown in Figure 25a. The
backscatter spectrum of the 1997 surface is equivalent to the
transmission spectrum of a powder of unaltered interior chips.
Two overlapping doublets are present and correspond to ferrous
iron in the pyroxene and chlorite observed in the XRD data. The
spectrum for the 200-pm rind is the same except that, analogous
to WD232, a doublet from octahedrally coordinated ferric iron in
an alteration product is also present. Similarly, the spectrum for
the 5.5-mm rind contains a doublet from a ferric alteration
product. Note, however, that the outer ferrous doublet is rela-
tively less intense than the inner one in comparison to spectra for
other rinds and interior rock. Without more detailed analyses of
the rind, we cannot explain the difference. Possibly, alteration
preferentially removed the ferrous-bearing material associated
with the outer doublet (chlorite), or the rind initially had a
distinctly different ferrous mineral composition in comparison to
interior rock. The latter could happen if the surface represented
by thick rind was the original surface of the flow when it was
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extruded and consequently evolved differently than interior
material.

IMP-equivalent reflectivity spectra are shown for powdered
interior chips and five exterior surfaces of M1497 in Figure 25b.
Similar to WD232, the spectrum for the powder has a minimum at
1000 nm, so that only the high-energy wing of the band is
observed in IMP-equivalent spectra, and a shallow minimum
presumably associated with a Fe2t — Fe3*+ charge transfer
transition. The 1997 surface and the darker 1978 surface show
evidence for both features with reduced spectral contrast. The
strength of the ferric absorption edge increases with the thickness
of the rind, in qualitative agreement with Mossbauer data. It is
difficult to argue convincingly for manifestations of ferrous iron
in IMP-equivalent spectra for any of the rinds with the possible
exception of the thinnest one (<50 pm). The overall low reflec-
tivity and negative spectral slope longward of 750 nm parallels
the spectra of the 1978 and 1997 surfaces and is suggestive of the
high-energy wing of a high-Ca pyroxene band. The spectra of the
200-pum and 5.5-mm rinds have positive spectral slopes over the
same region, so the suggestion of ferrous iron is not present. The
suggestion of a feature near 670 nm in the spectrum of the
5.5-mm rind, which probably results from a Fe2+ — Fe3+ charge
transfer transition [e.g., Burns, 1993] based on the spectrum of
the powder, could be interpreted (incorrectly) as evidence for a
ferric 6A1 4T, transition.

Rock: Basalt WD232 Fe(3+) in np-Ox (a)

Fe(2+) in
pyroxene (M1+M2)
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Figure 24. (a) Mossbauer and (b) reflectivity spectra (293 K) for
a powder (made from internal chips) and fresh and altered
surfaces of basalt WD232. Mossbauer spectra of rock surfaces
and powder were obtained using backscatter and transmission
geometry, respectively. There is no apparent influence of ferrous
minerals in the optical spectra of the surface with a 200-pm-thick
rind. Mossbauer spectra show, however, that the rind is mostly
ferrous iron.
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Rock: Basaltic Komatiite M1497
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Figure 25. (a) Mossbauer and (b) reflectivity spectra (293 K) for
a powder (made from internal chips) and fresh and altered
surfaces of basaltic komatiite M1497. Mgssbauer spectra of rock
surfaces and powder were obtained using backscatter and
transmission geometry, respectively. The regular increase in
reflectivity and strength of the ferric absorption edge with rind
thickness (<50 um to 5.5 mm) implies decreasing influence of
ferrous iron with increasing rind thickness. Mossbauer spectra
show that, even for the thickest rind, most of the iron within the
rind is ferrous.

8.3. Reconciliation of Mdssbauer and Reflectivity Data

Why do reflectivity spectra of the rinds of both WD232 and
M1497 imply predominantly, if not exclusively, ferric mineral-
ogies while Mossbauer spectra indicate predominantly ferrous
iron? A simple explanation is that the sampling volume for
optical radiation is confined primarily to the ferric-rich rind and
that the more energetic 14.4-keV y rays used in the Mossbauer
experiment penetrate the rinds into the ferrous-rich material
beneath. We show next that this model is too simplistic.

Buckingham and Sommer [1983] experimentally investigated
the penetration depths of optical radiation in fine powders at the
centers of the hematite and goethite 6A1—4Tyy transitions near
860 and 900 nm, respectively. The experiments were done by
varying the thickness of oxide-phyllosilicate powders for differ-
ent oxide-phyllosilicate ratios. They found that 50-pm-thick
coatings will block spectral signatures of the substrate. This
coating depth is less than the thickness of all of our rinds, except
for the <50-um rind on M1497. The observation implies that our
ferric-like reflectivity spectra of rinds were derived entirely from
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ferric-rich material within the rind. This is consistent with the
observation that the <50-um rind is the only one for which
possible evidence for ferrous iron is indicated.

We calculated penetration depths in the Mossbauer experi-
ment using mass absorption coefficients compiled by McMaster
et al. [1969] for an energy of 15.0 keV (approximately the energy
of the Mdossbauer 14.4-keV vy ray ), the bulk composition for
WD232 (Table 11), and rind/coating densities of 0.4, 1.2, 2.4, and
4.0 g/cm3. The results are shown in Figure 26 as a plot of
rind/coating thickness versus the percentage of radiation absorbed
within the rind. At constant density the calculated lines are
insensitive to bulk composition for basaltic materials. Densi-ties
between 2.4 and 4.0 g/cm3 span the range for the dry bulk density
of most types of rocks. For example, terrestrial andesites and
basalts have dry bulk densities of 2.65+0.13 and 2.74+0.47 g/cm3,
respectively [Johnson and Olhoeft, 1984]. The value of 0.4
g/cm3 corresponds to the dry bulk density of our <2-um powder
of palagonitic tephra HWMK600.

The theoretical calculations predict that the 200-pm rinds on
WD232 and M1497 will absorb 80-90% of the incident
Mossbauer radiation. This is a lower limit because the calcula-
tion assumes no penetration into the substrate (which is required
to return a substrate spectrum) and it assumes 100% efficiency for
backscattering the Mossbauer y rays. Thus it seems unlikely that
the high proportion of ferrous iron in the backscatter spectra of
the 200-pum rinds is entirely derived from ferrous iron beneath a
rind that contains no ferrous iron. More likely, a better physi-cal
model is a rind that contains ferrous minerals that are individually
stained by np-Ox along grain boundaries.

Irrespective of the actual internal constitution of the alteration
rinds, the observation is that they are more effective in masking
the mineralogy of interior rock in the IMP spectral region (445-
1005 nm) than in backscatter Mossbauer measurements. Thus
rocks on the surface of Mars that have well-developed alteration
rinds on the basis of IMP multispectral data may be amenable for
analysis of their ferrous minerals by Mdssbauer spectroscopy.
This is an important consideration for the Athena Precursor

1000

100

10

Rind/Coating Thickness (um)

0 10 20 30 40 50 60 70 80 SO
% Absorption of 15.0 keV radiation within rind/coating

Figure 26. Calculated relationship. between - rind/coating
thickness and percent absorption of 15.0-keV y-rays within the
rind/coating for four rind/coating densities. The energy
approximates the energy of the y-rays (14.4 keV) used in the
Mossbauer experiment. A rind with a density of 2.4 g/cm3 and
200 pm thick will absorb ~80% of the y rays incident from the
Maossbauer spectrometer.
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Table 12. Listing of SNC Meteorite Samples, Their
Classifications, and Physical Forms

Sample Classification and Physical Form
ALH77005 Lherzolite; coarse powder
ALH84001 Orthopyroxenite; fine powder
EETA79001, Lithology. A  Basalt; <45 pym

EETA79001 Basalt; <45, 45-90, 90-150 um and

1-10 mm saw fines

Governador Valadares Clinopyroxenite; 75-150 pm

Lafayette Clinopyroxenite; coarse powder
Nakhla Clinopyroxenite; coarse powder
Shergotty Basalt; 45-75 pm

Zagami Basalt; coarse powder and <45 um

Experiment (APEX) and Athena payloads for the Mars Surveyor
2001 and 2003 missions [Squyres et al., 1998, 1999; Morris et
al., 1998c], respectively, which are scheduled to carry optical
(400-1000 nm) and Mssbauer instrumentation.

9. SNC Meteorites

The SNC (Martian) meteorites can be classified into five
petrographic groups [McSween, 1994]: dunite (Chassigny),
lherzolites (ALH77005 and LEW88516), basalts (Shergotty,
Zagami, EET79001, and QUE94201), clinopyroxenites (Nakhla,
Lafayette, and Governador Valadares), and orthopyroxenite
(ALHS84001). As summarized by McSween [1994], the absence
of an irradiation history prior to their ejection from Mars implies
that the meteorites were not exposed near the surface for any
significant length of time. This consideration applies only to the
meteorites, and does not exclude the presence of similar rocks on
the surface of contemporary Mars. Several studies [McSween,
1994; Mustard and Sunshine, 1995; Mustard et al., 1997] have
linked the two-pyroxene mineralogy (low-Ca and high-Ca pyrox-
ene) inferred for relatively unaltered surfaces on Mars from
spectral data returned by the Phobos-2 mission (Imaging
Spectrometer for Mars(ISM)) with the two-pyroxene mineralogy
of the basaltic SNC meteorites. According to Singer and
McSween [1993], basaltic Martian meteorites are likely common
lava types on the surface of Mars. McSween [1994] notes that
spectra resembling nakhlites have apparently not been observed
for the Martian surface.

IMP-equivalent spectra for our 12 samples of eight SNC
meteorites (Table 12), representing every petrographic class
except dunite, are shown in Figure 27. Except for differences in
reflectivity resulting from samples with different mean particle
diameters, the spectra are consistent with previously published
spectra [e.g., Salisbury et al., 1975; Feierberg and Drake, 1980
McFadden, 1987; Morris, 1989; Sunshine et al., 1993; Bishop et
al., 1998b, c]. The spectra are typical of those expected for
pyroxene, and the position of the so-called 1-um band, which
results from the 5T,y — 5E, transition of ferrous iron [Burns,
1993], varies in accordance with the Ca content of the pyroxene
[e.g., Cloutis and Gaffey, 1991]. The minima (IMP spectra) for
ALH84001 and EET79001 (930 nm) and for Zagami and
Shergotty (950-965 nm) result from low-Ca pyroxene. The mini-
mum for the nakhlites, which results from high-Ca pyroxene, is
beyond the 1000-nm limit of IMP spectra, so that only the low-
wavelength wing of the band is observed. Thete is a strong
resemblance between the spectra of the nakhlites and the lepido-
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crocites, particularly LPS3 (Figure 3b), even though the former is
dominated by ferrous iron and the latter is dominated exclusively
by ferric iron. The apparent absorption edge in the nakhlites
between 445 and 600 nm, which is not apparent in other SNC
meteorites, probably results from ferric-bearing phases observed
in these meteorites [e.g., Bunch and Reid, 1975; Treiman et al.,
1993].

10. Synthesis of Analogue and Meteorite Studies
10.1. Mineralogy of Alteration Products

The alteration products we identified in our analogue samples
are summarized by sample and by technique in Table 9. With a
few exceptions (discussed above), all identifications are based on
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Figure 27. High-resolution and IMP-equivalent reflectivity

spectra (293 K) for SNC meteorites: (a) ALH77005; (b)
EET79001; (c) Shergotty and Zagami; and (d) ALHS84001,
Nakhla, Lafayette, and Governador Valadares. The spectra are
dominated by ferrous minerals having reflectivity minima near
930-945 nm (low-Ca pyroxene in basalts and orthopyroxenite)
and at wavelengths near 1000 nm (high-Ca pyroxene/olivine in
clinopyroxenites).
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analyses of <1 mm samples. The listed minerals were inferred
from data obtained by the respective techniques. “Np-Ox” is the
general term used for nanoscale ferric oxide particles whose
specific mineralogy we cannot identify. For example, an entry of
“np-Ox” in Mdssbauer spectroscopy implies the observation of a
ferric doublet at 293 K with IS~0.33-0.36 mm/s and QS~0.6-0.8
mm/s. In general, the doublet could result from any combination
of lepidocrocite, akaganéite, ferrihydrite and schwertmannite
(which are inherently small-particle minerals), and nanophase
(superparamagnetic) particles of Fe;O3 and FeOOH polymorphs.
Slashes mean that the technique cannot distinguish among them.
For example, “np-Gt/Sch/Akg” under reflectance spectroscopy
means the spectral reflectance data are consistent with any com-
bination of those three minerals. The final column lists the
minerals identified when all three techniques are considered. An
entry of “np-Ox” in this column results when neither XRD nor
spectral reflectance data permitted a more specific assignment
(e.g., np-Gt or np-Hm), as is the case for palagonitic tephra. For
steam vent and impactite samples, XRD and spectral data
sufficiently identified the np-Ox particles. Strictly speaking,
however, we cannot tell if all the np-Ox detected in Mdssbauer
data can actually be assigned to the ferric minerals observed in
XRD and/or IMP-style reflectivity data. A doublet-to-sextet
transition in Mossbauer spectra at low temperatures would
provide more specific mineralogical information about the np-Ox
phase. Table 9 is a good example of the need for multiple
techniques (both in the laboratory and on a planetary surface) to
identify the mineralogy of alteration products in complex natural
samples. ‘

Hydrolytic alteration products were identified in palagonitic
tephra and in steam vent samples from Sulfur Bank. Np-Ox is the
dominant product derived from the alteration of basaltic glass
(sideromelane) in palagonitic tephra. The alteration product is
easily detected in Mdssbauer and reflectivity data, but its mani-
festation in XRD spectra is not apparent. We looked for, but did
not find, evidence of phyllosilicates. We did not see evidence in
XRD or Mossbauer data that crystalline phases (e.g., feldspar,
olivine, and titanomagnetites) are significantly altered. Appar-
ently, alteration of basaltic glass under subaerial, ambient
conditions on the upper slopes of Mauna Kea did not favor
formation of iron oxide particles more evolved than np-Ox (e.g.,
nanophase hematite and/or goethite). In contrast, the steam vent
samples from Sulfur Bank are extensively altered. XRD lines for
feldspar and pyroxene are very weak or not even present in five
of seven samples. Cristobalite is present in five samples.
Phyllosilicates (halloysite and smectite) were detected in two
samples. Highly disordered goethite and/or hematite, which are
evident in the XRD data, are reasonably the source of the
superparamagnetic doublets in the corresponding Mdossbauer
spectra.  That is, the doublets are from superparamagnetic
particles of hematite and goethite that are crystalline enough to be
detected by XRD and not from primitive, XRD-amorphous np-Ox
particles like those in palagonitic tephra. The extent of alteration
and formation of more crystalline iron oxides and silicates as
alteration products is consistent with the hydro-thermal
environment in the Sulfur Bank steam vents.

The most common sulfuric alteration product for the 17
sulphatetic tephras was jarosite. Jarosite alone was present in 12
samples, and jarosite plus hematite was identified in two samples.
Only two samples did not contain jarosite; alunite and hematite
are the alteration products for HWMKS508 and HWMK?20,
respectively. We are uncertain of the ferric alteration product in
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the final sulfatetic tephra (HWMKS512). Although jarosite is
identified in XRD data, the reflectivity spectrum is most
consistent with either nanophase goethite, schwertmannite, or
akaganéite; the Mossbauer parameter QS is intermediate to
jarosite and the other three phases. We did not observe
phyllosilicates as an alteration product in any of the sulfatetic
tephra samples.

The steam vent sample from Mauna Ulu (HWMU387) was the
only sample we encountered with a hydrochloric alteration
product (akaganéite). As this FeOOH polymorph is known to
form only in environments enriched in chloride ions [e.g., Cornell
and Schwertmann, 1996], ambient vent gases must have been rich
in HCL

Meteor Crater impactites are distinctly different from the
samples just discussed because the precursor silicate lithologies
(clinopyroxene and glass) originate in impact, rather than vol-
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Figure 28. R750 versus low-field susceptibility (293 K) for (a)
palagonitic, sulfatetic, and unaltered tephra from Mauna Kea and
steam vent samples from Kilauea and (b) ferric minerals and
samples from Meteor Crater. In Figure 28a the horizontal dashed
line is drawn through the unaltered tephra samples (M, magnetic
separate; NM, nonmagnetic separate), the diagonal dashed line is
drawn through the <2-, 2- to 5-, and <5-pm size fractions, and the
dashed ellipse encloses the <l-mm data for palagonitic and
sulfatetic tephra. The lines and ellipse are reproduced in Figure
28b for reference. Except for the maghemite-containing analogue
samples from Meteor Crater (MCIS1 and H3A2) and magnetite
and maghemite minerals, all samples have yjr $20x10-6 m3/kg.
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canic, environments. No feldspar is present, reflecting the low
AlyO3 content of the target materials. The low iron content of the
target materials implies that virtually all of the iron incorporated
into iron-bearing silicate phases and oxide alteration products is
derived from the impacting iron meteorite. We identified altera-
tion products as maghemite, goethite, and np-Ox. Maghemite is
generally considered to be an alteration product of the iron
meteorite. At present we are uncertain whether goethite forms
(like maghemite) directly from oxidation and hydroxylation of
meteoritic metal or, differently, from alteration of iron-bearing
glassy or crystalline silicate phases or both.

10.2. Magnetic Properties and Reflectivity

In section 5.3.2 we discussed the relationship between low-
field magnetic susceptibility y;r and R750 for palagonitic tephra.
Figure 28a is a version of Figure 11b expanded to include data for
sulfatetic tephra and steam vent samples. Data largely over-lap
for <I-mm size fractions of all three types of altered samples,
with ranges for R750 and yj¢ equal to 0.1-0.3 and 3x10-6 to
20x10-6 m3/kg, respectively, except for two steam vent samples.
Unaltered tephras, the precursors of palagonitic and sulfatetic
tephras, have lower reflectivities (<0.075) and comparable values
of yif (average and standard deviation: (10£2)x10-6 m3/kg). The
extreme values of ys for unaltered tephras (1.40x10-6 and
74.5x10-6 m3/kg) were obtained from nonmagnetic and magnetic
fractions (<1 mm) of HWMKS513. The wide range in yys results
from different proportions of strongly magnetic Fe-Ti spinels.

The data plotted in Figure 28a imply an evolutionary
sequence:  Black, unaltered tephra (R750<0.075) undergoes
oxidative alteration to brighter, finer-grained ferric-rich material.
The diagonal dashed line drawn through the data for the <2-, 2- to
5-, and <5-pm size fractions represents the upper limit of R750
for completely altered material for any given value of yif
Individual tephras (<1 mm), being mixtures of this fine-grained
material and larger particles of partially altered material, plot in
the region between the two dashed lines. All our palagonitic and
sulfatetic tephras seem to be derived from unaltered tephra that
has ¢ ~10x10-6 m3/kg, which is also the average value for our
<l-mm unaltered tephras. Also, the diagonal line intersects at
high susceptibilities the data for black magnetite (Figure 28b),
and not the data for relatively bright maghemite, which is
consistent with other data showing the strongly magnetic phase is
(titano)magnetite.

The average values for ;¢ for the <1-mm size fraction and the
<2-, 2- to 5-, and <5-um size fractions of palagonitic tephra are
(11+2)x10-6 m3/kg and (8+5)x10-6 m3/kg, respectively. Because
the two averages are not significantly different, hydrolytic
alteration proceeds without significant modification of magnetic
properties. In contrast, the corresponding average values for ¢
for sulfatetic tephra are (8+3)x10-6 m3/kg and (1.6+1.0)x10-6
m3/kg, respectively. This difference is statistically significant and
implies that, under conditions of acid-sulfate alteration, Fe-Ti
spinels are soluble and magnetic phases are not preci-pitated.
Thus the strongly magnetic component of palagonitic and
sulfatetic tephras (Fe-Ti spinel) originates during crystallization
of lava (lithogenic origin) and not as a product of hydrolytic or
sulfatetic alteration processes. Presumably, the same conclusion
holds for samples from Kilauea steam vents, but we have
insufficient samples to test this assumption.

The relationship between R750 nm and ¢ for ferric minerals
is shown in Figure 28b. The dashed lines from Figure 28a are
reproduced to indicate the relationship of analogue sample and
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Figure 29. Saturation magnetization J; versus low-field magnetic
susceptibility xjr (293 K) for ferric minerals and analogue
samples.

ferric mineral data. Except for the strongly magnetic magnetites
and maghemites, only three ferric mineral samples (hematite
HMN3, lepidocrocite LPS2, and ferrihydrite FE152) have
susceptibilities comparable to those of <l-mm tephra samples.
We suspect that these samples have a magnetic impurity and that
their susceptibilities are anomalously high and not representative
of their phase. The trend line for the finest size fractions of tephra
samples extrapolates at low susceptibility to higher reflectivity
than observed for the ferric minerals. Presumably, this is a
manifestation of feldspar (a nonmagnetic, high-reflectivity
mineral in pure, fine-particle form) in tephra samples and lower
FepO3T concentrations in tephra as compared to the ferric
minerals.

Data for Meteor Crater samples are also plotted in Figure 28b.
The open squares correspond to data for the naturally occurring 1-
to 5- and 5- to 10-mm-diameter impactite beads corresponding to
samples H3A1 and H11A, respectively. All other data are for size
fractions (<150 and 150-1000 pm) obtained by sieving powders
derived by grinding the beads; reflectivity data for the size
separates are thus not derived from naturally formed surfaces.
The data for the beads and size fractions of H3A1 and H11A plot
within the region: for the <l-mm tephra samples. According to
the Mossbauer and XRD data, these samples contain pyroxene,
olivine, and minor maghemite. The other two samples (<150-um
powders of impactite H3A2 and iron shale MCIS1) are strongly
magnetic because they contain maghemite (and possibly
trevorite). The Meteor Crater samples show that one impact event
involving a metallic iron impactor can produce mineralogically
diverse particles whose magnetic properties range from weakly to
strongly magnetic.

Magnetic parameters inferred for acolian dust adhering to the
permanent magnets on the Viking and Mars Pathfinder landers
are the low-field susceptibility and saturation magnetization
[Hargraves et al., 1979, 1999; Hviid et al., 1997; Madsen et al.,
1999]. As shown by the log-log plot in Figure 29, there is an
approximately linear correlation between J; and y¢ for our ferric
mineral and analogue samples.
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10.3. Oxidation State and Reflectivity

The inverse relationship between R750 and y¢ for <2-, 2- to 5-
and <S-um size fractions of palagonitic and sulfatetic tephra
(Figure 28) and the formation of ferric-bearing phases during
alteration of dark ferrous-bearing phases both suggest a positive
correlation exists between R750 and Fe3+/Fe2+. Figure 30a is the
correlation of R750 and Fe3+/Fe2+ for all analogue samples and
ferric minerals. Unfortunately, sample availability limited
Fe3+/Fe2+ chemical analyses for the bright <5-pum size fractions to
two samples (HWHP301 and HWMK600). All ferric minerals
are arbitrarily plotted at Fe3+/Fe2+=500, except for the samples
whose values of Fe3+/Fe2+ are known from this study and Morris
et al. [1985]. For analogue samples, there is a general correla-
tion that can be used to set limits on Fe3+/Fe2+ from R750, but it
is too poor to have good predictive capability. A similar relation-
ship holds between R750/R445 and Fe3+/Fe2+ (Figure 30b).

There are several reasons for the poor correlation of
R750/R445 and Fe3+/Fe2+ for analogue samples: (1) The first is
mineralogical diversity. Ranges of R750 and R750/R445 for
individual ferric minerals are different and very wide. For
example, ranges of R750 for jarosites, maghemites, and hema-
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Figure 30. Correlation of (a) R750 and (b) R750/R445 with

Fe3+/Fe2+. Both R750 and R750/R445 positively correlate with
Fe3+/Fe2+ because ferrous iron in dark unaltered materials (e.g.,
Ti-magnetite and glass) is oxidized to bright (at 750 nm) ferric-
bearing materials (e.g., np-Ox, goethite, hematite, and jarosite).
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Figure 31. Two possible explanations for negative spectral

slopes at wavelengths between ~750-800 nm and 1005 nm. One
is the low-wavelength (high-energy) wing of a high-Ca
pyroxene/olivine band centered at 1000 nm or longer wavelengths
as observed for (a) the SNC meteorite Nakhla and (b) impactites
from Meteor Crater. The other is a mixture of fine-grained dark
(Ti-magnetite) and light (np-Ox) materials as for (c) the <2-pum
size fraction of HWHP301.

tites are 0.45-0.62, 0.34-0.52, and 0.21-0.46, respectively. For
R750/R445, the ranges are 4.4-6.4, 9.3-14.4, and 5.3-13.3,
respectively. (2) The second is bulk versus surface property. Our
values of Fe3+/Fe2+ are derived from measurements of bulk
sample, but reflectivity measurements are a surface property.
Particles with oxidized rinds or thin dust coatings and reduced
interiors would appear oxidized to reflectivity measurements and
reduced to bulk measurements of Fe3+/Fe2+. (3) And the third is
particle size effects. A bulk sample with one magnetite particle 1
mm in diameter has the same Fe3+/Fe2+ ratio as the same sample
with 1015 magnetite particles 10 nm in diameter. Because of the
higher number density of particles, the second sample would be
darker than the first. In general, we expect a good correlation
between either R750 or R750/R445 and Fe3+/Fe2+ only for a
group of closely related samples.

10.4. Ferrous Silicates and Negative Spectral Slopes

The crystalline ferrous silicates identified in our analogue
samples are olivine and high-Ca pyroxene. As shown by
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Mossbauer and XRD analyses, olivine is more abundant than
pyroxene in the palagonitic and sulfatetic tephras from Mauna
Kea, high-Ca pyroxene alone is present in some of the Kilauea
steam vent samples, and both high-Ca pyroxene and olivine are
present in the Meteor Crater impactites. Low-Ca pyroxene was
not identified in any analogue sample but is present in SNC
meteorites.

High-Ca pyroxene and olivine both have minima from ferrous
iron near or somewhat beyond 1000 nm [Cloutis and Gaffey,
1991; Burns, 1993]. Because the spectral range of IMP multi-
spectral data is 445-1005 nm, the minima from these minerals
cannot be detected. As shown in Figure 31a, the manifestation of
such a band is a negative slope in reflectivity spectra that is
imparted by the high-energy wing of the band. Figure 31a shows
high-resolution spectral data from 350 to 1400 nm (solid lines)
and derived IMP-equivalent spectra (open symbols) for two SNC
meteorites, EETA79001 (basalt) and Nakhla (clinopyroxenite).
Ferrous band minima are well defined at 940 (low-Ca pyroxene)
and 1010 nm (high-Ca pyroxene and olivine) in the high-
resolution spectra. Figure 31b shows the same behavior for two
high-Ca pyroxene samples from Meteor Crater (<150-pum size
fractions of H3A1 and H11A). The ferrous pyroxene band mini-
mum is just outside the IMP spectral range, resulting in a negative
spectral slope extending from 1000 nm to shorter wavelengths.

There are two other possible explanations for negative spec-
tral slopes. Figure 31c shows that the 350- to 1400-nm spectrum
of palagonitic tephra HWHP301 (<2 pm) has a negative slope
from 800 nm to beyond 1400 nm without any evidence for a
ferrous band. In this case the negative slope probably results
from the presence of fine-grained bright (np-Ox) and dark
(titanomagnetite) particles. Similar negative slopes are reported
by Morris and Neely [1982] for mechanical mixtures of sub-
micron powders of hematite and magnetite. The second
possibility is thin coatings of fine ferric-bearing particles (e.g.,
aeolian dust) on dark substrates (e.g., dark rocks) [e.g., Singer,
1982; Singer and Roush, 1983; Fischer and Pieters, 1993]. The
negative slope results from a monotonic increase in transparency
of the ferric coating with wavelength.

10.5. Major Element Fractionation

The fractionation patterns for compositional parameters
associated with hydrolytic alteration in the formation of
palagonitic tephra and steam vent samples and sulfuric alteration
in the formation of jarositic tephra are summarized in Figure 32.
Palagonite-A is the average of the four most altered <l1-mm
palagonitic tephra samples in Figure 6c (HWHP301, HWMKI,
HWMKG612, and PN-9) . It is enriched in TiOy, Al)O3, FepO3T,
MnO, and MgO, depleted in SiO,, NayO, and KO, and relatively
unfractionated in CaO and P,Os. Palagonite-B is the average for
the <2-um size fractions of HWHP301 and HWMK600. Because
this size fraction is enriched in the residues of leaching, the
fractionation is more extreme than for Palagonite-A. Pala-
gonite-B is strongly enriched in TiO,, Al,O3, Fe;O3T, MnO, and
P,05 and strongly depleted in SiO,, MgO, Ca0, NayO, and K,O.
The apparently anomalous behavior of MgO (enriched in Pala-
gonite-A, depleted in Palagonite-B) can be explained if MgO is
leached more slowly than the other depleted elements in Pala-
gonite-A and insoluble MgO-bearing phases are not formed as
fine particles in Palagonite-B.

Goulart et al. [1998] report major element data for tholeiitic
basalt altered under tropical conditions. The fractionation pat-
tern is similar to what we observed for Palagonite-B. TiO,,
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Figure 32. Summary of major element fractionation patterns

associated with formation of palagonitic tephra, jarositic tephra,
and steam vent samples by leaching. Palagonite-A is the average
of the fractionation patterns for the <l-mm size fractions of
HWHP301, HWMK1, HWMK®612, and PN-9. Palagonite-B is
the average of the <2-pum size fractions for HWHP301 and
HWMK600. Jarosite-A is the average of the <l-mm size
fractions for HWMKS511, HWMKS515, and HWMK620.

Al O3, Fe;03, and MnO are enriched and SiO;, MgO, and CaO
are depleted in soil relative to unaltered basalt; NayO, K0, and
P,05 analyses were not reported for the soils.

For the steam vent fractionation pattern in Figure 32, all seven
samples from Figure 17 were averaged. TiO,, Fe;O3T, and P05
are strongly enriched, and all other major elements are moder-
ately to strongly depleted. The magnitude of fractionation for
steam vent samples and for Palagonite-B and steam vent samples
is comparable for Fe;03T and TiOy, even though the former were
altered at higher temperatures by steam.

Generalizing, removal of soluble species by hydrolytic leach-
ing of basaltic materials under nonmarine conditions typically
leaves a residue enriched in TiO, and Fe;O3T and depleted in
Si0,, Nay0, and K;O relative to unaltered materials. P05 is un-
fractionated to enriched, and CaO is unfractionated to depleted.
Al,O3, MnO, and MgO are either enriched or depleted, implying
their behavior is more sensitive to local conditions. The higher
Fe3+/Fe2+ ratios (<1-mm size fraction) for altered samples (1.32-
3.08) compared to unaltered samples (0.60-0.96) is evidence that
the hydrolytic alteration occurred under oxidizing conditions.
The maximum time our palagonitic tephras have undergone
hydrolytic alteration is the 4-ka to 66-ka age of Mauna Kea
hawaiitic lavas [Porter, 1979; Wolfe et al., 1997].

Jarosite-A in Figure 32 is the average of the three most altered
<1-mm jarositic tephras in Figure 12b (HWMKS511, HWMKS515,
and HWMK620). This fractionation pattern is significantly dif-
ferent from the ones for hydrolytic alteration. MgO and MnO are
depleted, and all other major elements are either essentially
unfractionated or slightly to moderately enriched relative to
unaltered tephra. This behavior results because of the relatively
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high solubility of Mg and Mn sulfates and the precipitation of Na
and K as insoluble jarosites. The high Fe3+/Fe2+ ratios for altered
relative to unaltered samples (larger by factors of 2.5-30) and the
presence of sulfur in high oxidation states (sulfates) imply
alteration under oxidizing conditions. Sulfuric alteration prob-
ably occurred only during or shortly after deposition of unaltered
tephra when Mauna Kea Volcano was active and emitting SO,-
rich gases. Since the time of sulfatetic alteration, the sulfatetic
tephra experienced environmental conditions similar to pala-
gonitic tephra.

Ponding of leachate solutions from hydrolytic and sulfatetic
alteration and subsequent evaporation of volatiles would produce
evaporites enriched in the elements that are depleted in pala-
gonitic, steam vent, and sulfatetic tephras. Evaporites rich in
SiO,, alkalis, and possibly MgO are the complement of hydro-
lytic alteration, and evaporites rich in MgO and MnO (as sulfates)
are the complement of sulfatetic alteration where jarosites are
formed.

11. Application to Post-Pathfinder Mars

Data from analogue and meteorite samples can be applied to
the multispectral, magnetic, and elemental data returned by Mars
Pathfinder in two general ways. (1) The first is phase identi-
fication. What silicate and oxide phases can be inferred for the
Ares Vallis landing site and what are their distributions? Can
primary igneous minerals be identified, or do products of alter-
ation dominate the scene? Are variations in spectral parameters a
consequence of many minerals having a range of spectral mani-
festations? Or do spectral variations result simply from different
proportions of a binary mixture whose packing density (from dust
to rock) and/or particle diameter are also variable? Are minerals
inferred from multispectral data consistent with minerals inferred
from the magnetic properties experiment and elemental abun-
dances? (2) The second way is process identification. Do
hydrolytic or sulfuric processes dominate? Do specific alteration
products imply specific formation pathways? We develop below
the implications of our results for Mars Pathfinder. Papers by
McSween et al. [1999), Bell et al. [this issue], and Madsen et al.
[1999] also address the mineralogy and evolution of rocks, soils,
and aeolian dust at the Pathfinder landing site.

11.1. IMP Multispectral Data

11.1.1. Representative Ares Vallis spectra. The IMP
multispectral data used in this study are the multispectral spot
(MSS) spectra for 58 surface regions. The MSS number, targeted
geologic feature, time of data acquisition, and calibra-tion are
discussed by Bell et al. [this issue]. Representative spectra for the
seven spectral classes of soil at the Mars Pathfinder site according
to Bell et al. [this issue] are shown in Figure 33a. For
comparison, composite spectra for Martian bright and dark
regions published by Mustard and Bell [1994] are shown in
Figure 33b after convolving to IMP band passes.

Like all Martian spectra published to date [e.g., McCord et al.,
1977, 1982; Singer et al., 1979; Bell et al., 1990; Mustard and
Bell, 1994; Erard and Calvin, 1997], Pathfinder spectra are
characterized by a ferric absorption edge between (IMP
wavelengths) 445 and 750-800 nm. Except for Surface Dust,
IMP spectra are more like typical Martian dark region spectra
because they have negative spectral slopes at wavelengths longer
than the reflectivity maximum at 750-800 nm. None of the IMP
spectra closely resembles the composite Martian bright region
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Figure 33. (a) IMP multispectral data for seven spectral classes
of Mars Pathfinder soils [Bell et al., this issue]. (b) IMP-
equivalent multispectral data derived from telescopic and Phobos-
2 spectral data [Mustard and Bell, 1994] for Olympus-Amazonis
(bright) and Oxia-Palus (dark) regions of Mars.

spectrum, which has a shallow but well-defined minimum near
860 nm that has been attributed to minor well-crystalline hema-
tite [e.g., Morris et al., 1997]. Bright II soils exhibit evidence for
an absorption band in the region between 800 and 1005 nm [Bell
et al., this issue].

Comparison of the IMP Martian spectra to equivalent spectra
for individual ferric minerals (Figure 3) shows that there is no
one-to-one correspondence between IMP spectra and any ferric
mineral spectrum. Correspondence is particularly poor for phases
with significant spectral contrast of the M1 and T1 spectral
features. This includes well-crystalline ferric phases like hematite
HMS3, goethite GTSS5, lepidocrocite LPS3, akaganéite AKSI,
and jarosite JSRKS1 and also nanophase oxide samples like
schwertmannite BT-4 and nanophase goethite 4FG-10. Ferric
mineral spectra with little M1-T1 spectral contrast, like many of
the ferrihydrites, maghemite LPS2-3-265, and schwertmannite
6PM-0, are more similar, but still have significant differences.
This may seem like a trivial result because Martian soils are
formed in a complex natural environ-ment, and the ferric minerals
are either synthetics formed under controlled laboratory or
industrial conditions or are naturals present in relatively pure
form with respect to their ferric phase. However, it is not
unreasonable to anticipate, on a planet where orbital and
telescopic spectral observations indicate the presence of hematite
[e.g., Morris et al., 1989, 1997; Bell et al., 1990], that there are
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local areas where hematite and possibly other ferric minerals
might be optically dominant when observations are made at high
spatial resolution on the surface. For example, spectra that clearly
reflect their hematite (HWMK20) and jarosite (HWMK24)
minerals (see Figure 15) are present within meters of each other
on Mauna Kea Volcano.

The presence of a band in the 800- to 1005-nm region and
structure in the ferric absorption edge (e.g., the bend at 530 nm)
imply that well-crystalline iron-bearing minerals are present
(potentially identifiable) but at a low level compared with the
optically dominant phases that are responsible for the generally
featureless ferric absorption edge. Evidence for this includes the
mixing experiments of Morris et al. [1997] and Morris and
Golden [1998], who showed that palagonitic tephra (optically
dominated by spectrally featureless np-Ox) plus minor hematite
or hematite plus goethite (<5% by weight of sample) can account
for the essential features of the Olympus-Amazonis spectrum,
including the shallow 860-nm minimum, 750-nm reflectivity
maximum, and bends near 530 and 620 nm. In sections 11.1.2
through 11.1.6 we use the spectral data for our analogue samples
and their relatively well-characterized ferric mineralogy (from
Mossbauer and XRD data) to infer mineralogical and other
properties (e.g., Fe3*/Fe2+) of Pathfinder rocks, soils, and dust
from IMP multispectral data.

11.1.2. Spectral parameters. On the basis of our studies of
analogue and SNC meteorite samples, the seven parameters that
we used to quantify spectral variations of Pathfinder soils, rocks,
and dust are (1) the reflectivity (R445) at a blue wavelength (445
nm); (2) the reflectivity (R750) at a red wavelength (750 nm); (3)
the red/blue reflectance ratio (R750/R445); (4) the IMP wave-
length where maximum reflectivity occurs (either 750 or 800
nm); (5) the magnitude of band depth (BD530b) at 530 nm
defined as 1-(R530/(0.575xR480+0.425xR600)); (6) the magni-
tude of band depth (BD600) at 600 nm defined as
1-(R600/(0.507xR530+0.493xR670)); and (7) the IMP wave-
length for a band minimum occurring between the IMP
reflectivity maximum and 1005 nm, the maximum IMP wave-
length. See Bell et al. [this issue] for a complete listing of IMP
multispectral parameters.

The reflectivity at a red wavelength (R750) is representative of
the intrinsic brightness of rock and soil materials, plus photo-
metric effects. Reflectance at a blue wavelength (R445) is, in
general, much less variable between Martian rocks and soils
[Soderblom, 1992], and it is the IMP wavelength where ferric-
bearing phases are the least reflective (Figure 3). The red/blue
reflectance ratio (R750/R445) indicates the magnitude of the red
slope (i.e., the ferric absorption edge) in the region of strong
ferric electronic absorptions by ferric-bearing phases (Figure 3).
Its magnitude is a complex function of many parameters, includ-
ing sample mineralogy (both ferrous and ferric minerals), the
mineral relative abundance, the physical setting of minerals (e.g.,
as discrete particles or as a components in composite particles),
and the size distribution of discrete and composite particles in a
particulate material. In this context a rock is a very large particle.
The band depth parameters (BD530b and BD600) and
wavelengths for reflectivity maxima and band minima are
sensitive to the mineralogy of iron-bearing phases. See Bell et al.
[this issue] for a more detailed discussion of these and other IMP
spectral parameters.

11.1.3. Red/blue ratios, red reflectivity, and oxidation
states. Figure 34 shows that the R670/R445 and R750/R445
red/blue ratios are highly correlated and that either can be used as
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Figure 34. Correlation of R670/R445 and R750/R445 reflec-
tance ratios (also known as red/blue ratio or red slope) for (a)
ferric minerals and analogue samples, (b) analogue samples by
type, and (c) comparison of Pathfinder soils and rocks with
analogue samples. Line A in Figure 34a is reproduced in Figures
34b and 34c for reference. The ratios are highly correlated
(independent of kind of sample), and either ratio can be used as a
measure of the strength of the ferric absorption edge.

a measure of red slope. Figure 34a shows that deviations from
the trend line are greater for ferric minerals than for analogue
samples. Figure 34b shows data for only analogue samples with
the symbols coded for sample origin. The lowest values of both
ratios are represented by magnetite powders and unaltered tephra
samples. The observation that all samples, independent of
mineral composition, plot along the same trend line shows that
the trend is insensitive to specific ferric mineralogy. Because of
the diverse nature of our samples, we expect that any natural
material that is characterized by a ferric absorption edge will fall
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Figure 35. Correlation of red slope (R750/R445) with R750
(visible brightness) for (a) Pathfinder soils and rocks and SNC
meteorites and (b) all size fractions of analogue samples. The
solid ellipse enclosing Pathfinder soils in Figure 35a is
reproduced in Figure 35b for reference.

along this line. As shown in Figure 34c, the red/blue ratios for
Pathfinder soils and rocks are coincident with the same trend line
as our analogue samples.

As a group, rocks have systematically lower red/blue ratios
than soils; ratios for rocks that plot in the region with soils are
actually for rock surfaces with thick soil/dust coatings. In Figure
35a, R750/R445 is correlated with R750 for Pathfinder soils and
rocks. A mathematical property of such a plot is that for any
value of R445, the locus of points for all values of R750 is a
straight line. The three diagonal dashed lines in Figure 35a cor-
respond to values of R445 equal to 0.03, 0.08, and 0.15.
Pathfinder rocks and soils generally have values of R445 between
0.03 and 0.08; the average and standard deviation values for soils
(0.044£0.010) are indistinguishable from corresponding values
for rocks (0.057+0.013). Soils have R750/R445> ~4.0 with an
average value of 5.7£1.2. Rocks have R750/R445< ~4.0 with an
average value of 2.9+0.6. The factor of ~2 difference in the
red/blue ratio of Martian soils and rocks has long been attributed
on a global scale to the difference between oxidized (ferric rich),
fine-grained soil and relatively unoxidized (mafic rich) soils and
rocks [e.g., Adams and McCord, 1969; Bell et al, 1990;
Soderblom, 1992; Bell, 1996]. For comparison, SNC meteorites,
whose spectra are not characterized by a significant ferric
absorption edge, have an even lower R750/R445 ratio (1.3+0.2).
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The wide and narrow ranges for R750 and R750/R445 for SNC
meteorites (Figure 35a) imply that R750/R445 is the better of the
two parameters to use for qualitative estimates of the Fe3+/Fe2+
ratio for Pathfinder rocks and soils.

If we assume that all Pathfinder rocks are spectrally
contaminated by ferric-rich dust and that all soils are spectrally
contaminated by ferrous-rich rock particles, we can estimate the
upper and lower limits of Fe3+/Fe2+ for rock and soil,
respectively, from values of R750/R445 (see section 11.1.4). The
upper limit for rocks is the minimum R750/R445 value observed
for all Pathfinder rocks (R750/R445=2.0 for Shark rock). The
lower limit for soil is the maximum value observed for all
Pathfinder soils (R750/R445=7.0). On the basis of analogue
samples in Figure 30b, the estimated ranges of Fe3+/Fe2+ for
uncontaminated rock and soil are within the ranges 0.7-3 and 3-
20, respectively. Analogue samples, and not indi-vidual ferric
minerals, were used for the estimate because they, like Pathfinder
rocks and soils, are compositionally and mineralogically complex
samples. Although the estimates of iron oxidation states are
broad, they are still observational evidence that the Pathfinder
rocks contain reduced iron (e.g., ferrous silicates and Fe-Ti
magnetites) and that the soils, by comparison, are oxidized.

Figure 35b shows the correlation of R750/R445 and R750 for
analogue samples. The symbols are coded for mineralogy, not
type of sample, using data from Table 9. Although not apparent
in Figure 35b, the finest size fractions (<5, 2-5, and <2 pm)
generally have larger values of both R750 and R750/R445
compared to <1-mm size fractions. Except for jarositic samples,
values of R445 for ferric minerals generally plot between 0.03
and 0.08. Excluding jarositic tephras and jarosites, the average
and standard deviation values of R445 for analogues (58 samples)
and ferric minerals (63 samples) are 0.061+0.018 and
0.044+0.014, respectively. The corresponding values for jarositic
tephras (17 samples) and jarosite minerals (3 samples) are
0.099£0.048 and 0.111£0.030. Thus the only meaningful
mineralogical distinction that can be made on the basis of
R750/R445 and R750 correlations is between jarosites and all the
other ferric-bearing analogue samples we studied.

The region occupied by the Pathfinder soils in Figure 35a is
indicated by the ellipse in Figure 35b. The average value of R445
for analogue samples excluding jarositic tephras (0.0610.018) is,
within the standard deviation, the same as the average for
Pathfinder soils (0.044+0.010). The implication is that only
jarosite seems an unlikely interpretation for Pathfinder multi-
spectral data.

11.1.4. Structure of the ferric absorption edge. Band
depths BD530b and BD600 provide information about the struc-
ture of the ferric absorption edge. Both parameters can be
positive or negative depending on the deviation from reference
lines. As shown in Figure 36a, hematites, ferrihydrites, goethites
and lepidocrocites (both well-crystalline), and jarosites fall into
nonoverlapping regions on the basis of their values of BD600 and
BD530b. Another region encloses data for nanophase goethite,
akaganéite, schwertmannite, and maghemite. ~Additional data
may justify separating these minerals into different regions, but
for the present we consider them together. This region and that
for ferrihydrite partially overlap, with the maghemites generally
plotting in the intersection of the two regions. Although we do
not have data, disordered lepidocrocite may also plot in the
np-Gt/Akg/Sch/Mh region (by analogy with goethite). The
regions for other phases, like jarosite and maghemite, might
expand if more samples were analyzed.
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Figure 36. Correlation BD600 and BD530b for (a) ferric

minerals, (b) analogue samples, and (c) Pathfinder soils and rocks
and SNC meteorites. The regions occupied by the ferric minerals
in Figure 36a are indicated in Figure 36b by the dashed ellipses,
and the region occupied by Pathfinder soils in Figure 36¢ is
indicated by the solid ellipses in Figures 36a and 36b. OP (Oxia-
Palus) and OA (Olympus-Amazonis) reference data are from
telescopic spectra.

The band depth plot for <1-mm analogue samples is shown in
Figure 36b along with the regions for ferric minerals. Conspic-
uously absent in analogue samples is spectral evidence for well-
crystalline goethite and lepidocrocite, an observation consistent
with previously discussed Mgssbauer and XRD data. Np-Ox in
palagonitic tephra plots in a region largely distinct from ferri-
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hydrite. Because of the presence of sulfur in jarositic tephra, it is
not possible to represent the np-Ox data as jarosite-ferrihydrite
mixtures, suggesting that palagonitic np-Ox is itself a distinct
ferric phase. If so, it is possible to represent the ferrihydrite data
as mixtures between np-Ox at one extreme (BD3530b ~0.05,
BDG600 ~ -0.06) and the two synthetic (pure?) ferrihydrites at the
other (BD530b ~0.35, BD600 ~ 0.12).

In some cases (e.g., jarosite and jarositic tephra), there is
partial overlap of the regions where a ferric mineral and the tephra
with the same mineral as a constituent plot. In other cases (e.g.,
hematite and hematitic tephra), the analogue data seem to plot
between np-Ox and the ferric mineral, implying different
proportions of the two mineralogies. The region where Path-
finder soils and rocks occur is indicated by the solid ellipse in
Figure 36b. This region is consistent with ferric mineral
assemblages containing np-Ox and lesser proportions of any
combination of hematite, nanophase goethite, akaganéite, mag-
hemite, and schwertmannité. Only jarosite and well-crystalline
goethite and lepidocrocite are excluded on the basis of Figure 36b
as spectrally dominant phases.

As shown in Figure 36c, values of BD530b increase in the
order SNC meteorites >Pathfinder rocks >Pathfinder soils. The
same order is seen in Figure 35c for R750/R445. Because
increasing R750/R445 and BD530b are measures of increasing
strength of ferric absorption edges and increasing contribution of
crystalline ferric oxides (except jarosites), respectively, both
trends can be interpreted as unaltered rock to unaltered rock
dusted with or coated by soil to soil. Spectra of newly broken
surfaces of rocks that we analyzed (see Figures 24 and 25) have
values of BD530b and R750/R445 that are consistent with this
interpretation. Although we cannot exclude the possibility that
values of BD530b and R750/R445 for Pathfinder rocks are
intrinsic properties of their solid surfaces, the data are consistent
with the presence of unaltered rocks surfaces whose ferric
character is not intrinsic and results from some combination of
illumination by “orange” light and thin coatings of the ferric-rich
aeolian dust. Evidence for orange light is provided by Thomas et
al. [1999], who showed that the reflectance spectrum of Martian
sky (diffuse part) has a ferric absorption edge resulting from dust
particles in the atmosphere. The presence of thin, possibly
discontinuous dust coatings on all solid rock surfaces is implied
by the collection of aeolian dust by the Pathfinder Magnet Array
[Hviid et al., 1997; Madsen et al., 1999], by the slow decrease in
efficiency of solar power generation, which was attributed to
deposition of aeolian dust on the solar power arrays [Landis and
Jenkins, 1997], and by the positive correlation of R750/R445 and
SO3 for Pathfinder rocks [McSween et al., 1999].

11.1.5. Reflectivity maxima and band minima. IMP
wavelengths for the positions of maximum reflectivity (M1) and
band minima (T1) that occur between 750 and 1000 nm are diag-
nostic indicators for mineral identification. The relevant data for
pure ferric-bearing phases are the M1 and T1 values plotted in
Figure 4. We must also consider the position of ferrous bands
from pyroxene which also occur in this region, as observed for
SNC meteorites (see Figures 27 and 31). Minima for low-Ca
pyroxene are present at 930 nm (EET79001 and ALH79001) and
930-970 nm (Shergotty and Zagami). Note that the high-energy
wing of the band extends to 750 nm (Figure 27). Minima for
high-Ca pyroxene are just beyond the limit of the IMP spectral
range (Figure 31); its manifestation in IMP data is a negative
spectral slope extending from ~750 to 1000 nm. It is possible to
have an M1 in the 750- to 800-nm region that is defined by the
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Figure 37. R800/R750 correlated with BDS530b for (a)

Pathfinder soils and rocks and SNC meteorites and (b) analogue
samples. The region occupied by Pathfinder soils in Figure 37a is
indicated by the solid ellipses in Figure 37b. OP (Oxia-Palus) and
OA (Olympus-Amazonis) reference data are from telescopic
spectra.

np-Ox ferric absorption edge on its high-energy side and the wing
of a ferrous band on its low-energy side.

Figure 37a is a correlation of the ratio R800/R750 and
BD530b for Pathfinder rocks and soils and SNC meteorites.
Because M1 for Pathfinder spectra is always either 750 or 800 nm
(except for Surface Dust), R800/R750>1 corresponds to M1=800
nm and R800/R750<1 corresponds to M1=750. Most Pathfinder
spectra have M1=750 nm, and there is a general trend for
R800/R750, like R750/R445 and BD530b, to increase from SNCs
to Pathfinder rocks to Pathfinder soils. As discussed in section
11.1.4, the trends are a measure of increasing spectral
contributions of soil and dust that have relatively high values of
R750/R445, BD530b, and R800/R750. Because we cannot dis-
tinguish whether the M1 of 750 nm for Pathfinder soils results
from two ferric bands or a ferric absorption edge and a ferrous
band, we do not use M1 values to constrain mineralogy.
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Figure 37b compares analogue data to Pathfinder soils. The
value R800/R750 does not necessarily imply the value of M1 for
analogue spectra. For example, palagonitic tephra (np-Ox) are
generally characterized by a smooth ferric absorption edge (no
M1) for which R800>R750 (Figures 10 and 11). Pathfinder soils
plot in the region between analogue samples containing np-Ox at
low values of BDS530b and samples containing Hm and
Hm+np-Gt at high values of BD530b. A few analogue samples
with Hm+np-Gt plot in the same region as Pathfinder soils. Note
that the maghemite-bearing samples plot between Pathfinder soils
and palagonitic tephra, suggesting maghemite is not as spectrally
compatible as hematite-bearing assemblages. How-ever, the only
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Figure 38. IMP reflectivity versus wavelength for Pathfinder

soils (open circles) and rocks (solid squares), SNC meteorites
EET79001 and Lafayette (solid triangles), and composite spectra
of the Olympus-Amazonis and Oxia Palus regions (open
triangles). The dashed vertical lines at 860 and 930 nm indicate
positions for the band minima of red hematite and low-Ca
pyroxene, respectively.
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ferric mineral that is not a reasonable interpretation on the basis
of Figure 37b is jarosite.

In Figure 38 we plot several IMP spectra that have indications
of a band minimum between 750 and 1000 nm. Also shown are
convolved spectra for Olympus-Amazonis (bright region
spectrum) and Oxia Palus (dark region spectrum) published by
Mustard and Bell [1994] and spectra for low-Ca pyroxene and
high-Ca pyroxene/olivine as represented by two SNC meteorites.
As discussed by Mustard et al. [1997] from their analysis of
Phobos-2 ISM data, pyroxenes with these spectral characteristics
commonly occur in Martian dark regions. The Olympus-
Amazonis spectrum is representative of Martian surface material
that contains spectral evidence for minor red (well-crystalline)
hematite [e.g., Morris et al., 1997], as indicated by M1 and T1
values at 750 and 860 nm, respectively (see Figure 3).

The eight Pathfinder spectra at the top of Figure 38 (Warthog
through Mermaid) all have evidence for a minimum whose
position (~930 nm) corresponds to the one for low-Ca pyroxene
in EET79001 (Figures 27 and 31) and to the one for the Oxia
Palus spectrum. Note the striking similarity between Mermaid
and Oxia Palus spectra. In their analysis of the Phobos-2 Oxia
Palus spectrum, Mustard et al. [1997] concluded it represented a
mixture of low-Ca and high-Ca pyroxenes, with the former being
more spectrally important. Thus a reasonable assignment for the
Pathfinder minimum near 930 nm is low-Ca pyroxene. As
discussed above, BD530b data imply spectral contributions from
a well-crystalline ferric oxide like hematite with a strong positive
BD530b. Apparently, the M1 and T1 features associated with the
ferric oxide are too weak to be detected in the presence of the
more spectrally dominant low-Ca pyroxene. This view is
consistent with the analysis of Mustard et al. [1997], who used a
band with an 850 nm minimum (approximately the position for
hematite) in their fitting procedure for the Oxia Palus spectrum.
A reasonable interpretation of these spectra is thus an assemblage
containing np-Ox (for the generally featureless absorption edge),
low-Ca pyroxene, and an unidentified crystal-line ferric oxide
(possibly Hm or Hm + np-Gt) to account for the features in the
absorption edge.

Alternatively, the 930-nm minimum could be assigned to a
ferric oxide, in which case a single component accounts for both
the minimum and the structure in the ferric absorption edge.
Nanophase goethite, maghemite, akaganéite, and schwertmannite
all have T1 values near 930 nm (Figure 4) and are not excluded
on the basis of other spectral parameters as discussed in previous
sections. Jarosites and also well-crystalline goethite and lepido-
crocite, which also have T1 values near 930 nm, are not
reasonable assignments because their values of BD530b and
BD600 are too positive. Although we do not exclude ferric
oxides as an interpretation of the 930-nm T1 feature, we consider
it less likely because the spectrally similar Oxia Palus spectrum
(over IMP wavelengths) shows evidence for the second pyroxene
band near 2000 nm [Mustard et al., 1997].

The five Pathfinder spectra at the bottom of Figure 38 (Flats
South through Broken Wall) are distinctly different from those we
just discussed. There is no evidence for a 930-nm minimum, and,
overall, the spectra approximate those of the Nakhlites, which
have a band minimum just beyond the IMP spectral range near
1010 nm from high-Ca pyroxene/olivine (Figures 27 and 31). For
comparison, the spectrum of Lafayette is shown in Figure 38.
There is also a hint, particularly for Broken Wall, for a band
minimum near 860 nm. The spectrum for Olympus-Amazonis
clearly shows this band, which is assigned to hematite [e.g.,
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Morris et al., 1997; Morris and Golden, 1998]. However, we
hesitate to make an assignment of hematite on the basis of one
spectrum. Thus a possible, but not well-constrained,
interpretation of these five spectra is an assemblage consisting of
np-Ox, high-Ca pyroxene, and an unidentified crystalline ferric
oxide to account for the structure in the ferrric absorption edge.
An equally viable interpretation is that negative spectral slope
near 1000 nm results from an np-Ox and (titano)magnetite
assemblage as in Figure 31c and not high-Ca pyroxene.

11.1.6. Ferric and ferrous minerals at Ares Vallis. IMP
multispectral data provide reasonable evidence for two ferric
minerals (np-Ox and a second ferric oxide that is possibly well
crystalline) and one ferrous mineral (low-Ca pyroxene) and weak
evidence for two more iron-bearing minerals (high-Ca pyroxene
and/or titanomagnetite). Np-Ox accounts for the general position
and shape of the ferric absorption edge in all spectra (rocks and
soils). The ferric edge is strongest (R750/R445>4; Figure 35b)
for soils and for soil-coated rocks. The lower value of
R750/R445 for rocks (<4) may be intrinsic, but it more likely
results from very thin, probably discontinuous coatings of dust
that are rich in np-Ox with possible contributions from residual
diffuse sky illumination effects. Np-Ox does not have a char-
acteristic ferric band (T1 feature) at wavelengths longward of the
absorption edge (~750 nm). By analogy with terrestrial samples,
some HO is likely associated with the np-Ox, but we cannot
specify how much. We cannot firmly identify the second ferric
oxide whose presence is responsible for high values of BD530b
for Pathfinder spectra relative to np-Ox (palagonitic) analogue
spectra. Because of its large value of BD530b, hematite is
particularly effective in accounting for Pathfinder BD530b
values, and this mineral has been firmly identified in Olympus-
Amazonis spectra [Morris et al., 1997, Morris and Golden,
1998]. If present, red hematite (as opposed to gray, spectrally
neutral hematite) is spectrally less important at the Pathfinder site
than in the Olympus-Amazonis region because the 860-nm
hematite band is not present in the spectrum of the former.
Equally viable alternatives for the second ferric oxide are
nanophase goethite (and probably nanophase lepidocrocite, for
which we have no spectra), akaganéite, maghemite, and
schwertmannite.

The ferric minerals that we studied that are consistently not
favored for interpretation of Pathfinder spectra are jarosites, well-
crystalline goethite, and well-crystalline lepidocrocite. These
phases can still be present if spectrally masked. For example,
Morris and Golden [1998] were able to match the Olympus-
Amazonis spectrum with laboratory mixtures of palagonitic
tephra and minor red hematite plus well-crystalline goethite.

The 930-nm band in Bright II soils and certain rocks is
evidence for ferrous iron in low-Ca pyroxene. This assignment is
based largely on the strong correspondence of the Mermaid
spectrum to that for Oxia Palus, which is optically dominated by
low-Ca pyroxene according to Mustard et al. [1997] and the low-
Ca pyroxene spectral feature present in the spectra of basaltic
(EET79001, Zagami, and Shergotty) and orthopyroxenite
(ALH84001) SNC meteorites (Figure 31).

Instead of a 930-nm band, other rocks and soils have generally
decreasing reflectivity between ~800 nm and 1005 nm which can
be construed as evidence for the low-wavelength wing of a
ferrous iron band centered near 1000 mn (high-Ca pyroxene
and/or olivine). It could also result (for rocks) from the presence
of thin coatings of ferric-rich dust over a dark ferrous-bearing
rock substrate or from (for soils) an assemblage containing np-Ox
and (titano)magnetite (see section 10.4).
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An alternative to ferrous iron in low-Ca pyroxene for the 930-
nm band is the oxides discussed above (akaganéite, maghemite,
and schwertmannite) that satisfy the constraints of the ferric
absorption edge and have T1 values near 930 nm (Figure 4).
Even goethite and possibly hematite are permitted on the basis of
studies of aluminum-substituted ferric oxides. A+ for Fe3+
substitution in ferric oxides is a well-documented and well-
studied phenomenon in synthetic and naturally occurring samples
because of its importance in the terrestrial alteration environment
[e.g., Fysh and Clark, 1982a, b; Buckingham and Sommer, 1983;
De Grave et al., 1982; Kosmas et al., 1986; Murad and Johnston,
1987; Cornell and Schwertmann, 1996]. The effect of Al
substitution on hematite and goethite is to shift the T1 values to
longer wavelengths [Buckingham and Sommer, 1983; Morris et
al., 1992]. For example, Morris et al. [1992] show that T1 for
hematite ranges from ~850 to ~900 nm with increasing Al
substitution. Scheinost et al. [1998] report T1 ranges of 848-906
nm and 929-1022 nm for suites of hematite and goethite samples,
respectively, that contain Al-substituted members. Although we
have no good basis for discriminating between the ferric and
ferrous interpretations for the 930-nm band, our preferred inter-
pretation is that it results from ferrous iron in low-Ca pyroxene
because the band is often associated with rocks and soils near
rocks as for Lamb and Cradle in Figure 38 and because of its
correspondence to the Oxia Palus spectrum. A ferric inter-
pretation is advocated by Bell et al. [this issue], who point out
that soils that have a 930-nm feature also tend to have higher
values of BD530b.

11.2. Major Element Systematics of Pathfinder Soils

11.2.1. Soil-free rock and rock-free soil compositions. In
their treatment of Pathfinder APXS data, Rieder et al. [1997]
calculated the major element composition of a “soil-free” rock
(sf-rock) from the y intercept of individual plots of major element
versus SO3 concentrations under the assumption that the values of
SOs for the rocks (0.7-3.9%) are entirely derived from variable
proportions of SOs-rich soil on rock surfaces. Low sulfur
abundances for igneous rocks are expected from the limited
solubility of SOj in silicate liquids (0.5-1.0% [Danckwerth et al.,
1979]) and low SOj3 concentrations in Archean basalts (~0.2-0.5%
[BVSP, 1981]) and Martian meteorites (0.03-0.48% [Lodders,
1998]). Figure 39 shows plots similar to those of Rieder et al.
[1997] for SiOs, TiO,, AlO3, Fey03T, MgO, and CaO in which
major element data were calculated to a “fully oxidized” (i.e., all
Fe as Fe;03) and “volatile-free” (i.e., no SO3) basis (Table 13).
This calculation expresses Pathfinder analyses in the same format
as major element data for our analogue samples. Both rock and
soil analyses were used for calculating the regression lines that
are shown in Figure 39 (method of York [1969] with uncorrelated
errors). Rieder et al. [1997] used only the rock analyses, but they
noted that the soils fell along the regression line. The sf-rock
composition obtained from our regressions is, within uncertainty,
the same as that reported by Rieder et al. [1997] (Table 13).

The correlations in Figure 39 imply a two-component mixture.
One component is the sf-rock discussed above. Because Path-
finder rocks were not preselected to have the same major element
composition, we infer that all rocks in the vicinity of the
Pathfinder lander likely have the sf-rock composition. The other
component is a soil, and we can calculate the composition of a
“rock-free” soil (rf-soil) if we can infer its SO3 concentration.
The rf-soil composition compiled in Table 14 was obtained
assuming SO3=7.0%. This value is approximately the upper limit
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Figure 39. Correlation of major element concentrations (on
volatile-free and all Fe as Fe,O3 basis) with SO3 concentration for
Pathfinder and Viking samples. The solid and dashed diagonal
lines are regression fits using the method of York [1969] with
uncorrelated errors. The dashed vertical lines at SO3=0.0% and
7.0% represent the compositions of soil-free rocks and rock-free
soils, respectively. Note that both the Pathfinder and Viking soil-
free rocks have low MgO concentrations (~2.0%).

of observed SO3 concentrations (taking analytical uncer-tainty
into account) and does not give unrealistically low SiO, or high
Fe;O3T concentrations.

The Viking major element analyses, which we recalculated
from Clark et al. [1982] to a SOs3-free basis and major element
total of 94% (Table 13), are also plotted in Figure 39. We used
only the data for the more complete analyses from the Viking 2
(Chryse) landing site. The range in SO3 abundances (~6-10%) is
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Table 14. Volatile-Free Major Element Compositions for Soil-Free Rock, Rock-Free Soil, Duricrust, and Component A

at Pathfinder and Viking (Chryse) Landing Sites

Sample SiO, TiO, Al,O4 Fe,05T MgO Ca0 Na,O K,0 Cl Total  SOs
Soil-Free Rock

Pathfindera 61.2+2.7 0.69+0.10  10.5+0.7 13.2+1.3 2.0+0.7 7.2+1.1 2.6x1.5 0.7+0.2 0.2+0.2 98.1 0.0

Pathfinder® 61.5£3.4 0.63£0.27 10.6x1.5 13.3+3.1 2.1x14 7.1+1.3 2.4%1.5 0.8+0.3 02+0.2 986 0.0

Vikinge 52+3.5 0.94+026 9.2+01.4  22.3+£1.5 2.8+4.9 7.9+1.3 2.5) (0.8) 0.2) 98.8 0.0
Rock-Free Soil

Pathfinderb 489+2.6  1.34+0.20 8.7+1.1 19.7£2.4 9.4+1.0 6.5+1.0 2.5+1.1 0.2+0.2 0.2+02 974 7.0

Vikinge 51x0.6 0.76+£0.04  8.5+0.2 21.4+0.7 6.8+0.8 6.9+0.2 2.5 0.2) 0.2) 98.2 7.0

Duricrust

Vikinge 50.5¢1.3 0.69+0.10  8.3%0.5 21.0£1.6 8.5+1.8 6.5+0.5 2.5 0.2) 0.2) 98.6 10.0
Component A

Vikingd 554 0.89 9.3 22.0 0.0 7.2 -- -- 0.0 94.8 0.0

Total iron concentrations are expressed as Fe,O3T and all compositions except SO5 are normalized to the “Total” column. Concentrations are in wt

%. Viking concentrations in parenthesis are Pathfinder results.
aAfter Rieder et al [1997].
bThis study.
cThis study using elemental data from Clark et al. [1982].

dSilicate component of Clark [1993]; calculated from his major element correlations and preferred model where all elements except MgO, Cl, and

SOj; are associated with the silicate component.

not as great as at the Pathfinder site (~1-7%), presumably because
rocks were not analyzed. Regression lines (York fit) for the
Viking data are shown by the dashed lines in Figure 39. Note that
the positions of these lines are primarily determined by
compositional differences between the two duricrust samples
(highest SO3 samples) and the soils. If these differences result, as
presumed at Pathfinder, from mixing of different proportions of
rock, soil, and duricrust, the major element compositions at
S03=0.0% represent the sf-rock composition at the Chryse
landing site. We also calculate a rf-soil composition at SO3=7.0%
and a duricrust composition at SO3=10% (Table 14). The 7.0%
SOj3 concentration is consistent with the Pathfinder value and falls
within the grouping of SO3 values for Viking soils (Figure 39).

Both Pathfinder and Viking sf-rock compositions have low
MgO concentrations (~1.6%) compared to both rf-soil concen-
trations (6-10%). The sf-rock compositions at Pathfinder and
Viking differ principally in their SiO; and Fe,O3T concen-
trations. Pathfinder has higher SiO, concentrations (63 versus
53%), and Viking has higher Fe;O3T concentrations (23 versus
12%). The rf-soil compositions at the Pathfinder and Viking sites
are comparable; the only significant difference is for TiO,, which
is 0.76+0.04% for Viking and 1.34+0.20% for Pathfinder. The
difference may not be real, however, because Dreibus et al.
[1999] report that the average value of TiO; for three soils (A-4,
A-5, A-10, and A-15) is lower by 0.30% (absolute) than the
values reported by Rieder et al. [1997]. In the next two sections
we consider possible explanations to account for differences
between sf-rock and rf-soil compositions at each landing site and
for differences in sf-rock compositions and similarities in rf-soil
compositions between the two landing sites.

11.2.2. Evidence for chemical alteration processes. If we
assume that Viking [4dnderson and Tice, 1979] and remote
sensing [Yen et al., 1998] value of ~2% HyO in Martian soil is
applicable to Pathfinder soil, its LOI/SO; ratio is 1.3-1.5
(LOI=SO3+H,0=6.0-8.0%). According to Figure 5a, this ratio is
permissive for acid-sulfate alteration processes. Pathfinder KoO
concentrations are not known with sufficient precision to use

values of K,O/MgO to discriminate hydrolytic and sulfuric styles
of alteration (see Figure 5b). As summarized in section 10.5,
leaching of basaltic materials during hydrolytic and sulfatetic
processes results in depletion and enrichment of major elements
relative to unaltered materials. Each process has a distinctive
fingerprint pattern of enrichment and depletion (see Figures 5 and
32). If the Pathfinder and Viking sf-rocks represent the initial
composition for the rf-soils, major element ratios of Pathfinder
and Viking rf-soil to sf-rock would be fingerprints of leaching
processes at two places on Mars.

The major-element ratio patterns of Pathfinder and Viking
rf-soil relative to corresponding sf-rock are shown in Figure 40.
For Pathfinder, rf-soil is enriched in TiO,, Fep;OsT, and
(especially) MgO and depleted in SiO; and Al;O3. The CaO and

10

L

o
o
1

Pathfinder

I ™~

-
o

Viking (Chryse)

1 | | 1 | | |
Si02 TiO2 ARO3 Fe203T MgoO CaO Na20

(Rock-Free Soil) / (Soil-Free Rock)
[ V]
o

o
(1]

Major Element

Figure 40. Ratio of rock-free soil to soil-free rock for major
elements. The fractionation pattern is not consistent with any of
the fractionation patterns observed for hydrolytic and sulfatetic
alteration of basaltic materials (see Figure 32), suggesting the
pattern is not a fingerprint for a chemical alteration process.
Particularly discrepant is MgO.
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NayO concentrations are the same to within 10%. For Viking,
only MgO is enriched. SiO;, Al,O3, FeyOsT, and CaO are
slightly depleted, and TiO, is moderately depleted. The major
element ratio patterns for Pathfinder and Viking rf-soils are
distinct from each other and do not correspond to chemical
fractionation patterns we observed for hydrolytic and sulfuric
alteration (Figure 32). Particularly discrepant is MgO, which is
the element most enriched for Martian rf-soils but is generally
depleted for analogue samples. Although we cannot exclude the
possibility that Figure 40 represents fingerprints for styles of
alteration not represented by our analogue samples, we believe
that the figure carries little or no information about chemical
alteration. The similarity in elemental compositions of soil at the
Pathfinder and two Viking sites argues that soil compositions are
a product of global mixing processes and not a product of local
leaching processes. In this view, Figure 40 is simply the element-
by-element ratio of global-average-soil to local-rock
compositions. This result does not imply that element fractiona-
tion by chemical alteration processes is not significant on Mars.
It means only that the fractionation is not observed in elemental
data because the residue of leaching is efficiently recombined (by
global mixing processes) with evaporites formed from the leach-
ate, resulting in no net change in chemical composition.

If chemical alteration is active, the Pathfinder sf-rock analyses
might represent the composition of a leached surface and not the
composition of bulk rock. Assuming the Pathfinder analyses
correspond to the composition of an alteration rind, possible bulk
rock compositions can be calculated using the chemical frac-
tionation factors (Figure 32) corresponding to palagonitic
(hydrolytic) and sulfatetic alteration processes. The results are
compared with the sf-rock composition (the “rind” in this model)
in Table 15. Interior-P1, Interior-P2, and Interior-P3 refer to light
(as in HWMK600, <1 mm), moderate (as in Palagonite-A), and
heavy (as in Palagonite-B) degrees of palagonitic alteration,
respectively. Interior-P2 and Interior-P3 are physically unreason-
able compositions (totals >> 100%), implying only minor pala-
gonitic alteration (Interior-1 composition) can be present. The
Interior-S1 and Interior-S2 compositions have physically
reasonable sums, but they are physically unreasonable because
they require that the rinds contain sulfur in the form of jarosite
and alunite, respectively. As discussed above, the sulfur is
interpreted to be associated with the dust coating and not the rock.

Table 15. Calculated Interior Composition of Pathfinder Rock

Rock Rind

Composition, Calculated Rock Interior Composition, %
Element % P1 P2 P3 S1 S2
SiO, 61.5 64.9 73.0 98.2 62.1 61.8
TiO, 0.63 0.60 0.47 0.34 0.62 0.64
Al,O4 10.6 9.1 8.0 52 10.2 8.8
Fe,O;T 133 12.3 10.0 8.3 11.6 17.0
MgO 2.1 1.9 1.6 5.1 3.6 3.0
CaO 7.1 7.8 82 21.7 8.1 7.5
Na,O 24 2.6 42 8.7 2.3 2.1
K,0 0.8 1.1 2.5 4.5 0.8 0.8
Total 98.4 100.4 108.1 152.0 99.3 101.6

Calculations assume that the soil-free rock composition is an
alteration rind whose composition is the residue of hydrolytic or sulfuric
alteration. Major element fractionation patterns used for calculations are
as follows: HWMKG600 (<1 mm) for Interior-P1; Palagonite-A for
Interior-P2; Palagonite-B for Interior-P3; Jarosite-A for Interior-S1; and
HWMKS508 (<1 mm) for Interior-S2.
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If it could be established that the sulfur in rock analyses is
associated with rock surfaces, and not adhering dust, then
compositions like Interior-S1 and Interior-S2 are physically valid.

An important observation from the model in Table 15 is that
all calculated interior rock compositions have comparable or
larger SiO, concentrations than the rind. This means that, within
the constraints of our chemical data, the conclusions of Rieder et
al. [1997] and McSween et al. [1999] that SiO;-rich (andesitic or
icelandic?) rocks are present at the Pathfinder site is valid even if
the APXS analyses were done on rinds formed from rock by
chemical leaching processes. That is, the rock interior will have
at least as much SiO; as the rind. Our work does not address the
issue of SiOj-rich coatings (i.e., SiOp-rich material adhering to
but not derived from the rock), which could give high SiO,
measurements by APXS relative to interior rock.

11.2.3. Rock-based chemical mixing models for global
Martian soil. It is reasonable to base chemical mixing model
calculations of the global Martian soil on igneous rocks if the
rock to soil/dust process is a closed system with respect to bulk
chemical composition (on a volatile-free basis). This is equiva-
lent to placing an assemblage of igneous rocks into a box where
only volatiles can be added and removed. Adding aqueous acids
(volatiles) to the box and allowing H,O to slowly evaporate will
chemically alter the rocks and form secondary minerals. Perhaps
an evaporite deposit will form in one corner of the box. Although
the alteration is not isomineralogical, it is isochemical (on a
volatile-free basis) with respect to the whole box because none of
the nonvolatile elements can get out. Thus, if we forgot the
proportions of igneous rocks we put into the box, we could use
chemical mixing models and individual rock compositions to
calculate the proportions initially in the box. The issue is, can
global Martian soil (i.e., Pathfinder rf-soil) be considered a closed
system with respect to the rocks from which it was derived?

The direct observation of global-scale Martian dust storms
[e.g., Martin and Zurek, 1993; Zurek and Martin, 1993] implies
planetary-wide mixing and thus chemical and mineralogical
homogenization of aeolian dust. Estimates for the mean particle
diameter of acolian dust (and surface deposits thereof) range from
0.2 to 10 pum [e.g., Murphy et al., 1993; Pollack et al., 1995,
Markiewicz et al., 1999)]. The similar elemental composi-tion of
soil at three different and widely separated places on the Martian
surface (Chryse, Utopia, and Ares Vallis) is also cited [Clark et
al., 1982; Rieder et al., 1997; rf-soil compositions in Table 14] as
observational evidence for global homogenization of dust and
soil. Mixing associated with individual impact events integrated
over Martian history and large-scale fluvial processes when Mars
was wet presumably promoted homogenization of soil material
coarser than aeolian dust. Thus, although we cannot conclusively
demonstrate that global Martian soil is a closed system with
respect to the rocks from which it formed, the idea is at least a
reasonable working hypothesis.

For chemical mixing models to provide physically reasonable
and unique solutions, the number of chemical components (i.e.,
rocks) must be less than the number of chemical elements.
Unfortunately, for Martian soils there are at least 10 known
components (eight SNC meteorites, the Pathfinder sf-rock, and
Type-1 carbonaceous chondrites) and only seven chemical
elements (volatile-free basis). The situation is actually not quite
this unfavorable because, on the basis of seven elements, the SNC
meteorites fall into four geochemical groups (Table 13 and Figure
41): High-Ca (Lafayette, Nakhla, and Governador Valadares),
high-Mg (ALH77005, LEW88516, Y93605, ALH84001, and
Chassigny), high-Al basalt (QUE94201 and EET79001-B), and
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Figure 41. Major element ratio of SNC meteorites (Figures 41a
and 41b) and soil-free rocks (Figure 41c) to Pathfinder rock-free
soil. QUE94201 is the only rock composition that has more TiO,
than the Pathfinder rock-free soil, which makes it a major
component in chemical mixing models.

low-Al basalt (Shergotty, Zagami, and EET79001-A). This
grouping gives six components and seven elements. To search
for chemical trends, we performed mixing calculations (method of
Korotev et al. [1995]) under the constraint of three or fewer
components. It is obvious from Figure 41 that QUE94201 is a
required component because it is the only rock that has higher
TiO, contents than the Pathfinder rf-soil. Requiring QUE94201
to be a component excludes EET79001-B as a component
because it is, except for TiO,, compositionally equivalent to
QUE79201 (for the seven elements).

The results of the chemical mixing calculations are given in
Table 16. The top, middle, and bottom parts of the table give the
difference between calculated and observed concentrations, the
calculated concentrations of the components, and the statistical
parameters for goodness of fit, respectively. The mixes are
ordered with increasingly poorer fits from left to right. Several
observations can be made from these results. (1) The proportion
of QUE94201 is high (40-72%). (2) A component high in MgO
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is required. All mixes, except 6 and 8, which use the most Mg-
rich member of the high-Al basalt group, use a member of the
high-Mg group. (3) The Pathfinder sf-rock is a viable mixing
component (mixes 1 through 6). Mixtures without it (7 through
9) tend to be depleted in SiO,. (4) Mixtures using members of
the high-Ca group (Nakhlites) are not present in Table 16 because
calculations using them as components did not yield physically
possible solutions (i.e., positive concentrations and component
totals ~100%). (5) Volatile-free carbonaceous chon-drites, which
have high MgO concentrations, are nearly equivalent in mixing-
model calculations to the high-Mg SNC group. Thus, in contrast
to the inferences of Clark et al. [1982] that Martian soil could
have 40% chondritic component, current knowledge of Martian
soil chemistry does not require a meteoritic component.
Concentrations of siderophile elements (e.g., Ni) are necessary in
order to meaningfully constrain the magnitude of the meteoritic
component.

The chemical composition of Martian globally mixed soil (i.e.,
the Pathfinder rf-soil) can thus be adequately explained as a
mixture of high-Al basalt (like QUE94201), andesite (like the
Pathfinder sf-rock), and Mg-rich cumulate (like ALH84001,
LEW88516, ALH77005, or Chassigny). Andesitic compositions
are not required, but the statistical fits are better with it present.
High-Ca compositions like the Nakhlites are not important
chemical components with relatively high-Ca QUE94201 as a
required component. A meteoritic component could be present at
significant levels (up to 22%), but the calculations are equally
consistent with no meteoritic component.

The mixing calculations deal strictly with elemental
abundances and do not constrain mineralogy. That is, within
(volatile-free) chemical constraints, the mineralogy of Pathfinder
rf-soil could be anywhere between primary silicates and oxides
associated with the SNC and Pathfinder rock components at one
extreme (e.g., Table 16) and an assemblage of alteration products
at the other extreme. Chemical mixing models describing Viking
and Pathfinder soils predominantly as mixtures of alteration
products (e.g., phyllosilicates and soluble salts) have been
developed by Baird et al. [1976], Toulmin et al. [1977], Gooding
[1992], and Bell et al. [this issue].

11.2.4. Summary of major element systematics. Major
element data are consistent with a two-component model in which
the endmembers for local Pathfinder and Viking soils are a
global-average soil (Pathfinder rf-soil) that has high SO;
concentrations (~7%) and particulate material derived from local
rocks that has low SOz concentrations (~0%). On the basis of
SO3 contents, the chemical contribution of local rocks to
Pathfinder soils is ~7-42%. The model accounts for the correla-
tion of major element concentrations with SO3 (Figure 39),
including the strong positive correlation of MgO and SO3. Clark
[1993] developed a different two-component mixing model for
Viking soils where component A is a silicate component that
contains all the Si and most or all the Al, Ca, Ti, and Fe. Its
composition is very similar to that for the Viking soil-free rock
(see Table 14). Component B (16+3%) is a nonsilicate compon-
ent that contains all of the S and most or all of the Cl and Mg.
The basic rationale for the Clark [1993] model can be seen i
Figure 39; MgO is the only major element for Viking samples
that correlates positively with SO3. Because Fe;O3T and TiO;
also correlate with SO3 at Pathfinder, the Clark [1993] model
would not explain Pathfinder chemical data without modification.
In any event, the two models differ in how they account for the
correlation of MgO and SO3. For Clark [1993], the correlation
results from mixtures of MgO- and SOs-rich salts (magnesium
sulfates?) and MgO- and SOs-poor silicate material. In our model
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Table 16. Rock-Based Seven-Element Mixing-Model Calculations for Pathfinder Rock-Free Soil
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Rock-free Soil

Observed, % Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8 Mix 9
Calculated-Observed, %
SiO, 48.9+2.5 -0.3 -0.1 04 0.0 -0.9 0.0 2.2 -2.5 -3.0
TiO, 1.34+0.2 -0.2 -0.2 -0.1 -0.2 -0.3 -0.2 0.0 -0.1 -0.1
Al,O3 8.7+0.9 0.0 0.1 -0.4 -0.1 0.1 -0.3 -0.5 -0.4 -0.5
Fe,05T 19.7+1.8 -0.1 -14 -14 -1.4 1.8 -1.2 -04 -0.2 0.4
MgO 9.4+1.2 0.1 0.4 02 0.3 -1.1 -0.1 1.0 0.8 0.6
CaO 6.5£1.0 1.3 1.6 1.6 1.7 1.2 2.1 2.1 2.6 2.7
Na,O 2.5£1.0 -1.0 -1.0 -12 -1.0 -0.8 -1.1 -13 -1.3 -1.2
Equivalent Chemical Abundance wt %

QUE94201 50+8 4949 58+8 49+9 45+10 40+12 72+5 53+10 54+20
Shergotty - - - - -—- -—- -—- --- 28+26
EET79001-A - -—- - - - 42+9 - 44+11 -
ALH84001 - --- 234 - -— - 25+5 - -—-
LEW88516 - - - 2545 - --- - - -
ALH77005 e 22+4 --- - -—- --- - - 15+9
Chassigny 1943 --- - -—- - - --- --- -
VF-CChon-1 - - --- --- 22+4 - - - -
Path. sf-Rock 30+7 27+8 16+8 2349 3249 16x10 --- - -
Total Component 98+11 98+13 97+13 98+14 99+14 98+18 96+7 97+15 97434
x2 4.1 52 52 5.8 6.3 7.6 8.0 10.2 11.0
X2V 0.59 0.74 0.75 0.83 0.90 1.08 1.14 1.46 1.57

Components are SNC meteorites, volatile-free Type-1 carbonaceous chondrites, and the Pathfinder soil-free rock. Weighting
factors used for calculated fits are the element uncertainties for the rock-free soil. Component compositions are in Table 13. The

mixes are ordered with increasingly poorer fits from left to right.

the correlation results from mixtures of a global MgO- and SOs3-
rich soil and MgO- and SO3-poor particles of local rocks.

Our global-soil, local-rock model for Pathfinder soils, which
was developed using chemical data, is also consistent with
mineralogical results derived from IMP multispectral data
(section 11.2.1). The ferric absorption edge is associated
predominantly with global soil. The apparent absence of ferrous
silicate bands in aeolian dust sampled by Pathfinder Magnet
Arrays (see section 11.3) and the higher R750/R445 of soil
relative to rock (Figures 34 and 35) are evidence for a high
oxidation state of aeolian dust. This result is supported by Mars-
like ferric absorption edges and high Fe3+/Fe2+ ratios of
palagonitic tephra relative to unaltered tephra. We associate the
930-nm band (low-Ca pyroxene) and possibly the negative IR
slope (if from high-Ca pyroxene) with ferrous silicates from
unoxidized fragments of local rock in Pathfinder soils. If the
negative spectral slope is associated with Fe-Ti oxides, they could
be directly formed in soil particles by analogy with palagonitic
tephra or inherited from the rocks. Soil particles that contain
ferrous silicates are likely to be larger than 10 pum, or they would
be susceptible to aeolian transport [e.g., Murphy et al, 1993,
Pollack et al., 1995] and deposited and detected on the Magnet
Arrays. The presence of particles of local rock in Pathfinder soil
has implications for the timing of Martian alteration processes
(see section 11.4). Similar element-spectral comparisons are not
possible with Viking data because IMP-like multispectral data
were not obtained during that mission [e.g., Guinness et al., 1987
Arvidson et al., 1989].

11.3. Magnetic Properties

The results of the Mars Pathfinder magnetic properties
experiments indicate that Martian aeolian dust is magnetic with a

saturation magnetization of 4+2 Am2/kg [Hviid et al, 1997,
Madsen et al., 1999], a value that is a refinement of the 1-7
Am?2/kg range estimated from the Viking magnetic properties
experiment [e.g., Hargraves et al., 1979]. Hargraves et al.
[1999] report that J; value is equivalent to a low-field
susceptibility of at least 18x10-6 m3/kg. The Pathfinder exper-
iment team concluded that the magnetic properties result from the
presence of a strongly magnetic phase dispersed within composite
particles and that the concentration of the strongly magnetic phase
varies from particle to particle. These considerations are
independent of the crystalline structure of the strongly magnetic
phase. The phase preferred by both the Viking and Pathfinder
experiment teams is maghemite (J; ~50-80 Am2/kg), which they
consider to form as the endproduct of a two-step process
involving oxidative alteration of ferrous silicates to nonmagnetic
lepidocrocite  followed by dehydroxylation to maghemite
[Hargraves et al., 1979; Hviid et al., 1997]. The value of J; for
Martian dust is the equivalent of 2-12% maghemite using J; ~50-
80 Am2/kg for pure maghemite. Assuming that the chemical
analyses of Pathfinder soils are applicable to the magnetic dust
(average Fe;O3T ~ 19% [Rieder et al., 1997]), 10-60% of the
total iron in the dust is present as maghemite. The suggested
maghémite formation process is in keeping with general
observations from terrestrial environments that its formation
proceeds via a precursor phase and apparently does not precipitate
directly from aqueous solutions [e.g., Coinell and Schwertmann,
1996]. Dehydroxylation of lepidocrocite to maghemite is well
estab_lished [e.g., de Bakker, 1990; Morris et al., 1998a], and
Banin et al. [1993] have argued that the oxyhydroxide should
form on Mars. Hviid et al. [1997] and Madsen et al. [1999] do
allow, however, that strongly magnetic titanomagnetite and/or
titanomaghemite (Fe-Ti spinels) are also possible interpretations.
What insights do our analogue studies provide into the nature
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of the strongly magnetic phase on Mars and its formation
processes? As shown in Figure 29, our analogue samples, with
the exception of the maghemite-bearing samples from Meteor
Crater and a titanomagnetite-bearing magnetic separate of
unaltered tephra, have values of J; and y¢ that are at or less than
the values inferred for Martian aeolian dust (J=4+2 Am?2/kg and
wif >18x10-6 m3/kg). Does this result imply that lithogenic
titanomagnetite (i.e., formed during cooling of molten silicates),
the strongly magnetic mineral in our palagonitic, sulfatetic, and
steam vent samples, is not a reasonable interpretation for the
strongly magnetic phase in Martian aeolian dust? As discussed
next, we believe that lithogenic titanomagnetite is a viable
interpretation of the Pathfinder magnetic properties experiment.

As considered previously by Morris et al. [1990] and Coey et
al. [1990], lithogenic titanomagnetite (Fe3.4TiyO4, 0<x < 1) or its
oxidative alteration product titanomaghemite (Fe(s.4y)37Ti,04,
0 <y <2) are candidate phases provided that the Ti content is not
too high. For both minerals the compositional range that can be
considered strongly magnetic (J; = 10-30 Am2/kg at room
temperature) extends at least to 0<x<0.5 and 0<y<0.5,
respectively, on the basis of magnetic studies of titanomagnetites
[e.g., Nagata, 1961] and magnetic measurements for a titano-
maghemite with y=0.5 [dllan et al., 1989]. The issue, which is
difficult to address because rocks from the uppermost Martian
surface have not been collected as meteorites, is whether litho-
genic processes on Mars produced sufficient quantities of these
minerals in composite particles to account for the observed
magnetic properties. As mentioned above, the values of J; and y¢
for our Hawaiian volcanic samples with lithogenic titano-
magnetites are at the low end of the range inferred for Martian
aeolian dust. It might be that the style of volcanism on Mars,
because of differences in bulk composition and/or oxygen fuga-
cities, produces materials with higher titanomagnetite concentra-
tions. In support of this view, the style of volcanism in Brazil
(southern Goias State) produces basalt with ~23% Fe as Fe;0s,
which subsequently alters to soil with a Mars-like susceptibility
of 40x10-6 m3/kg (soil G6 [Curi and Franzmeier, 1987]). The
strongly magnetic phases are lithogenic titano-magnetites inheri-
ted from the parent basalt and titanomaghemites formed from
oxidation of titanomagnetites. Other instances of Fe-Ti spinels in
Brazilian soils developed from basalts are described in the
literature [e.g., Allan et al., 1988, 1989; Fontes and Weed, 1991,
Cornell and Schwertmann, 1996].

Another line of evidence suggests that Mauna Kea palagonitic
tephra does, in fact, satisfy the constraints of the Pathfinder
Magnet Array experiment and that the values of J; and y¢ deter-
mined for Martian aeolian dust by the experiment team are too
high. Morris et al. [1999] conducted simulation experiments on
Mauna Kea Volcano with a copy of the Pathfinder Magnet Array.
Palagonitic aeolian dust, produced by mechanical agitation of
palagonitic tephra, was collected by the four strongest MA
magnets, the same result as obtained on Mars [Hviid et al., 1997,
Madsen et al., 1999]. The values of yjr for palagonitic dust
adhering to the magnets were ~20x10-6 m3/kg [Morris et al.,
1999]. Palagonite particles are composites of strongly magnetic
(Fe-Ti spinel) and weakly magnetic or nonmagnetic (e.g.,
feldspar, glass, and hydrated aluminosilicate material containing
np-Ox particles) phases and are thus in compliance with the
constraint of Mars Pathfinder [e.g., Madsen et al., 1999] that
aeolian dust particles be composite particles of strongly magnetic
and weakly magnetic or nonmagnetic phases.

By analogy with impactites from Meteor Crater, the strongly
magnetic mineral in Martian soil could be maghemite formed by

MORRIS ET AL.: MARS PATHFINDER ROCKS AND SOILS

dissemination and oxidation of metallic iron into target mater-ials.
Estimates of the meteoritic contribution to Martian soil range
from 2 to 40% by mass [Clark and Baird, 1979; Flynn and
McKay, 1990]. The upper limit, which is based on chemical
mixing models [Clark and Baird, 1979], is probably unrealis-
tically high (see section 11.2.3). As discussed earlier in this
section, the amount of maghemite required to account for the
magnetic properties of aeolian dust is 2-12%. This range is also a
lower limit for the meteoritic contribution, because it assumes that
all impacting meteorites are metallic iron and that all the iron is
oxidized to maghemite. If average meteoritic material is 10%
metallic iron, a more realistic value based on the mineral-ogy of
meteorites and their frequency of fall, the meteoritic component is
an unrealistic 20-100%. Thus we conclude that it is unlikely that
the strongly magnetic nature of Martian dust is traceable entirely
to meteoritic maghemite.

IMP multispectral data of acolian dust collected by the Magnet
Arrays [Madsen et al., 1999] are an important source of
information about the mineralogy of the strongly magnetic phase
and its potential precursors. Unfortunately, the dust coatings may
not be optically thick, so that consideration must be given to the
optical properties of the MA surface. The magnetic dust spectrum
shown by Madsen et al. [1999] is similar to a small set of
Pathfinder soil spectra (Surface Dust) that have positive spectral
slopes between 750 and 1000 nm [Bell et al., this issue]. A
potentially mitigating factor for the magnetic dust spectrum is that
the MA surface also has a slight positive spectral slope through
the IMP spectral region (P. Gunnlaugsson, personal
communication, 1998). However, the magnetic dust has lower
reflectivity than the MA surface at all IMP wavelengths, and the
positive spectral slope is more positive for the dust than the MA
surface. Both factors imply that the positive slope is an intrinsic
feature of the magnetic dust. Thus the MA surface may contri-
bute to the positive slope but cannot be solely responsible for it.

The magnetic dust spectrum published by Madsen et al. [1999]
does not have definable M1 and T1 spectral features. If the
magnetic phase is maghemite, then 2-12% is present on the basis
of observed magnetic properties. Is this level of maghemite
above or below its spectral detection limit? The detection limits
for mixtures of palagonitic tephra and submicron powders of
hematite and goethite are ~2% [Morris et al., 1997, Morris and
Golden, 1998]. The detection limit for maghemite has not been
similarly determined, but it will be >2% because, in comparison
to hematite and well-crystalline goethite, the contrasts of mag-
hemite spectral features are reduced (i.e., shallower absorption
edge and less M1-T1 spectral contrast; Figure 3), so that the
general shape of the spectrum more closely resembles the
palagonite spectrum. Because we do not know if the maghemite
detection limit is more or less than the 2-12%, we cannot infer the
presence or absence of maghemite on the basis of the magnetic
dust spectrum.

We note, however, that IMP-equivalent multispectral data for
the <2-um size fraction of palagonitic tephra (Figure 10c), which
is comparable to the size range for Martian aeolian dust [e.g.,
Markiewicz et al., 1999], are similar in shape to the magnetic dust
spectrum. Because Fe-Ti spinel is the magnetic phase in the size
separates, the magnetic dust spectrum is not inconsistent with the
presence of Fe-Ti spinels.

The Olympus-Amazonis region of Mars is considered to be
covered with deposits of Martian global dust. Comparison of the
IMP-style spectrum for this region and the Surface Dust spectrum
(Figure 33) shows important differences that are unexpected if
both are representative of global dust. The former has spectral
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features (e.g., M1 ~ 750 nm and T1 ~ 860 nm) that are indicative
of hematite [e.g., Morris et al., 1997; Morris and Golden, 1998],
and the latter, as discussed above, does not have M1 and T1
spectral features. The different nature of the spectra can be
reconciled if either the hematite in the Olympus-Amazonis region
is not associated with aeolian dust or aeolian dust has a hematitic
and weakly magnetic component that is not collected by the
Magnet Array. We favor the latter alternative because Madsen et
al. [1999] conclude that not all aeolian dust is necessarily
collected by the Magnet Array.

A strongly magnetic phase that is spectrally neutral or below
optical detection limits is consistent with the spectral diversity for
Martian soils from Pathfinder and telescopic data (e.g., Figure
38). If the ubiquitous strongly magnetic phase were also an
optically dominant phase with sharp ferric absorption edges and
large MI1-T1 spectral contrast - (e.g., like hematite or well-
crystalline goethite or lepidocrocite), we would expect to see less
diversity in spectral data for soils. It is clear from the above
discussion that more work on detection limits of phases like
maghemite is needed and that obtaining spectral data for magnetic
dust collected by MAs should have a high priority.

In summary, we agree with Hviid et al. [1997] and Madsen et
al. [1999] that magnetic acolian dust contains composite particles
of a strongly magnetic phase and one or more weakly magnetic
phases. Their preferred interpretation is that the magnetic phase is
maghemite, possibly derived by dissolution of ferrous silicates,
precipitation of lepidocrocite, and dehydration to maghemite,
possibly as a cementing agent. Our studies of Meteor Crater
impactites show that oxidation of iron metal from impacting iron
meteorites could also contribute maghemite to Martian soil and
dust. Our preferred interpretation, which Hviid et al. [1997] and
Madsen et al. [1999] give as an alternative to their preferred
interpretation, is that the strongly magnetic phase is lithogenic
titanomagnetites and/or their titanomaghemite oxidation pro-
ducts. Composite materials containing titanomagnetites (and/or
titanomaghemites) are consistent with the magnetic properties of
Pathfinder and Viking soil and dust, the Pathfinder magnetic dust
spectrum, and optical requirements for an opaque mineral phase
[e.g., Pollack et al., 1995].

11.4. Alteration Processes on Mars

Collectively, the chemical, multispectral, and magnetic data
from Mars Pathfinder are consistent with a two-component model
where local soils are mixtures of a globally distributed soil (the
Pathfinder rock-free soil) that is rich in ferric iron, MgO, and SO3
and fragments of local andesitic rock that are rich in ferrous
silicates and depleted in MgO and SOs3. The global soil cannot be
derived solely from either Pathfinder rocks or any Martian
meteorite by direct chemical alteration based on major element
fractionation patterns for palagonitic and sulfatetic tephras,
basaltic rocks altered in steam vents, and tholeiitic basalt altered
under tropical conditions (section 10.5). A pos-sible explanation
is that our analogue samples are not representative of alteration
styles on the planet. More likely, however, the global soil is a
mixture of alteration products of a variety of rocks having a wide
range in chemical compositions. Chemical fractionation during
alteration undoubtedly took place on Mars, but its signatures have
been erased by mixing processes. Possible combinations of rocks
that could yield the global soil (assuming a closed system except
for volatiles) are the results of the chemical mixing model
described in section 11.2.3.
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Another approach to understanding the styles of alteration on
Mars is to focus on the mineralogy of Martian soil. Despite the
highly successful nature of both Viking and Pathfinder missions,
there is still a paucity of mineralogical information about
alteration products. Arguably, only hematite and np-Ox (poorly
crystalline, nanometer-sized particles of ferric iron dispersed in a
matrix material) have been identified with a high degree of
certainty as alteration products [e.g., Morris et al., 1990, 1993,
1997; Lane et al., 1999; Christensen et al., 1999], although there
are clues that other crystalline ferric oxides are present [e.g.,
Murchie et al., 1993]. On Earth, np-Ox is abundant in pala-
gonite, the hydrous alteration product of basaltic glass (section
5.3.2). The clear implication is that high production rates of
basaltic glass on Mars (by any mechanism) could account for the
seemingly large amounts of np-Ox in Martian bright regions (i.e.,
in soil and dust).

As on the Earth and the Moon, basaltic volcanism and
meteoritic impact are sources for basaltic glass on Mars [e.g.,
Gooding and Keil, 1978; Allen et al., 1981; Bouska and Bell,
1993]. On the Earth, the current or past presence of glass can be
inferred anywhere palagonitic material is present. Many occur-
rences associated with volcanism are known, including Hawaii
(see section 5.3.2), the continental United States [e.g., Allen et al.,
1981; Farrand and Singer, 1991, 1992], Canada [e.g., Jercinovic
et al., 1990], Iceland [e.g., Jakobsson, 1972; Allen et al., 1981,
Jakobsson and Moore., 1986; Thorseth et al., 1991], Italy [Buemi
et al., 1998], Antarctica [e.g., Soderblom and Wenner, 1978,
Allen et al., 1981], and submarine deposits [e.g., Frey et al.,
1974; Ailin-Pyzik and Sommer, 1981; Staudigel and Hart, 1983;
Heidner et al., 1993; Zhou and Fyfe, 1989; Schiffman and
Southard, 1996]. On the Moon, Weitz et al. [1998] report that
there are seven locales with areas ranging between 4000 km2 and
37,400 km2 that are covered with pyroclastic deposits from
episodes of lunar fire fountaining. We know of no way to
estimate the amount of glassy volcanic ash that can be produced
on Mars, but the possibility exists that it is substantial and
enhanced on Mars relative to the Earth as discussed by Wilson
and Head [1994], Head and Wilson [1998], and Hargraves
[1999]. As in our samples of palagonitic tephra, the glassy
volcanic ash particles might be composite particles that contain
sufficient titanomagnetite (or titanomaghemite if oxidized) to
satisfy the results of the Pathfinder magnetic properties
experiment [e.g., Madsen et al., 1999].

An occurrence of palagonite (referred to as “devitrified
palagonite™) associated with meteoritic impact into basalt is
documented by Kieffer et al. [1976] for Lonar Impact Crater
(India). Although basaltic materials were not impacted, impact
glass is associated with many other terrestrial impact structures,
including Meteor Crater and Monturaqui, Ries, and Wabar craters
[e.g., Bunch and Cassidy, 1972; Stahle, 1972; Newsom et al.,
1986; See et al, 1998]. Titanomagnetites, formed by
crystallization during rapid cooling of impact melt, are found in
impact palagonite at Lonar Impact Crater [Kieffer et al., 1976].
Impact processes, like volcanic processes, can thus provide the
strongly magnetic phase observed in Martian dust [e.g., Madsen
et al., 1999] through either crystallization or incorporation of
magnetic minerals (or their oxidation products) from projectile
material (see section 7).

We expect that the production of basaltic glass from impact
events will be considerably enhanced on Mars relative to the
Earth and Moon because of higher cratering rates (possibly
factors of 2-4 relative to the Moon [BVSP, 1981; Nyquist et al.,
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1998]) and higher glass to crystalline ratios per impact [Kieffer
and Simonds, 1980]. Glass abundances for the lunar regolith can
thus be used to provide an estimate for the amount of glass that
might be produced on Mars by impact processes. Mdssbauer
studies of lunar samples [Morris et al, 1998b] show that
immature clastic regoliths [Morris, 1978] have 26+9 atom % of
all iron atoms associated with glass. Immature clastic regoliths
are used as the reference point because they have the lowest
contribution of glass derived from impacting micrometeorites,
which on Mars are prevented from making hypervelocity impact
by the current Martian atmosphere. Vasavada et al. [1993]
calculate that only meteors with initial masses >10 kg survive
transit through the present Martian atmosphere and have
hypervelocity impacts. However, during periods of low obliquity
the Martian atmosphere is less dense, and meteoroids with initial
masses between 2x10-6 and 2x10-4 kg have hypervelocity impacts
[Vasavada et al., 1993]. If Mars had no atmosphere through time
(the upper limit case for glass production by meteoritic impact),
the amount of iron associated with glass on the Martian surfaces
would be on the order of 50 atom % on the basis of mature lunar
soils [Morris et al., 1998b]. 1If, as discussed by Nyquist et al.
[1998], the Martian cratering rate is 4 times the lunar cratering
rate, both estimates are too low.

The calculations of Kieffer and Simonds [1980] predict that
impacts into volatile-rich targets (like Mars) and volatile-poor
targets (like the Moon) will produce comparable volumes of
impact melt and that the melt will distribute in different ways. In
volatile-poor targets, impact melts form melt sheets which
subsequently crystallize as they cool. In volatile-rich targets the
melt is finely dispersed by the great expansion of shocked
volatiles. Fine dispersal (high surface to volume ratios relative to
melt sheets) provides the opportunity for rapid cooling and
formation of glass. This consideration also implies that our
estimates of the amount of glass formed on Mars are too low.

The above considerations are at least consistent with the idea
that considerable glass was produced on the Martian surface
through time by volcanic and impact processes and that the
surface underwent oxidative alteration to the palagonite-like
material that is the spectrally dominant ferric-bearing phase
(np-Ox) in Martian bright regions. A conservative lower limit for
the percentage of iron atoms in Martian that went through or are
in a glassy state is ~30%, the value for immature clastic lunar
regoliths. This limit does not include contributions from volcanic
processes and upward corrections for higher impact rates into the
volatile-rich Martian surface.

Possible sources of the high levels of SO3 in Martian soils (4-
9% [Clark et al., 1982; Rieder et al., 1997]) include volcanic
exhalations in association with fire fountaining or other volcanic
activity and mobilization during oxidative alteration of sulfides in
association with impacts into volatile- and sulfide-rich surface
materials. Settle [1979] concluded that volcanic SO, and HjS
gases released at the surface formed sulfate aerosols that were
circulated around the planet and ultimately deposited and
incorporated into surface materials. Burns and coworkers have
argued for the presence of basaltic komatiites basalts hosting iron
sulfides [Burns, 1988; Burns and Fischer, 1990a, b].

The presence of ferrous silicates in Pathfinder soils is readily
explained if addition of rock fragments is an ongoing process.
The presence of possible spall zones and sharp, irregularly shaped
areas on otherwise relatively smooth rocks are both evidence for
ongoing impact comminution of rocks at the Pathfinder site [Horz
and Cintala, 1999] (and presumably the entire Martian surface)
and a mechanism for introducing rock fragments into the soil.
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Even if Pathfinder rocks have thin oxidation rinds, the size of the
features on the rocks implies removal of rock to depths below
rinds. Failure of the Viking robotic arm to produce visible
scratches on rock surfaces at Viking [e.g., Moore et al., 1977,
1979] and similar failure of the Pathfinder Sojourner Rover to
produce visible scratches on the flat-lying and possibly
duricrusted rock called Scooby Doo imply that rinds, if present on
contemporary Mars, are thin and hard. No or thin rinds are also
suggested by remote-sensing observa-tion of pyroxene at visible
and near-IR wavelengths in Martian dark regions [e.g., Mustard et
al., 1997] because, if present, they must be thinner than optical
penetration depths. Although more data are needed to understand
the relationship between physico-chemical properties of rinds and
optical penetration depths, a 200-pm rind on basalt WD232 was
enough to block observation of a 930-nm ferrous band (Figure
24b). .

As discussed above, alteration of basaltic glass and comminu-
tion of rocks provide a way to account for the dominant large-
scale mineralogical observations of Mars: oxidized global soil
with np-Ox as the spectrally dominant ferric-bearing material and
ferrous-bearing rocks (pyroxene). If Mars was wetter and warmer
in earlier epochs as has been advocated [Pollack, 1979; Pollack et
al., 1987], we would expect, on the basis of terrestrial experience,
observational evidence for phyllosilicates, SiO, (as quartz, chert,
and/or opal), salts, and a variety of ferric oxides as final
endproducts of chemical and solution alteration. Phyllo-silicates,
in particular, should form. According to Goulart et al. [1998],
the alteration products of a tholeiitic basalt in tropical Brazil
include kaolinite, gibbsite, aluminous hematite, and (strongly
magnetic) titanoaluminous maghemite. The mag-hemites are
thought to be oxidation products of lithogenic magnetites in
parent rocks [Resende et al., 1986; Allan et al., 1989]. Other
reports of phyllosilicates as alteration products of ultramafic,
basaltic, and andesitic rocks are common in the literature [e.g.,
Glassmann, 1982; Nahon and Colin, 1982; Eggleton et al., 1987,
Berkgaut et al., 1994]. Phyllosilicates have also been reported as
the product of hydrothermal alteration of basaltic tephra on the
upper slopes of Mauna Kea Volcano, possibly by hydrothermal
solutions or interaction of hot tephra with ice during subglacial
eruptions [Ugolini, 1974]. Hydro-thermal alteration of basaltic
tephra (originally 88-92% glass by volume) to phyllosilicate-
bearing materials has been observed in modern times at Surtsey
Volcano (Iceland) [Jakobsson and Moore, 1986]. By analogy
with terrestrial impact events [Floran et al., 1978; Newsom, 1980;
Allen et al., 1982; Newsom et al., 1986; Morris et al., 1995],
phyllosilicate formation can occur sporadically throughout
Martian history by hydrothermal altera-tion of impact melt sheets.
Thermodynamic calculations by Gooding [1978] show that
kaolinite is probably the only thermodynamically stable
phyllosilicate gas-solid alteration product under current Martian
surface conditions. He concludes it is doubtful that significant
amounts of phyllosilicates can be forming on contemporary Mars
from solid mineral phases. Subsequently, Gooding and Keil
[1978] show that phyllosilicates are favorable gas-solid alteration
products of feldspar and mafic silicate glasses under present
Martian surface conditions. They suggest a global phyllosilicate
layer ~0.1-1.0 m thick is possible.

Despite the expectations for crystalline phyllosilicates on a
phenomenological basis, there is little compelling evidence for
their presence as a major constituent on contemporary Mars.
Phyllosilicates have characteristic M-OH (M = Al, Mg, or Fe)
lattice modes in the 2200- to 2500-nm spectral region [e.g., Clark
et al., 1990]. These features are very weak, if present at all, in
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Martian spectral data (see summaries by Soderblom [1992] and
Bell et al. [1994]). Preliminary results [Christensen et al. 1998]
from the Mars Global Surveyor — Thermal Emission Spectrometer
(MGS-TES) instrument also do not indicate the presence of
crystalline phyllosilicates, at a level of ~5%. A way around this
dilemma is to consider that phyllosilicates were destroyed after
formation, which we presume was mostly when Mars was wetter
and warmer. A possible mechanism for this exists during times of
enhanced numbers of hypervelocity impacts into the Martian
surface when its atmosphere is less massive at low obliquity
[Vasavada et al., 1993]. Phyllosilicate-bearing target materials
are melted and form basaltic glass which is subsequently
palagonitized under dryer and cooler conditions to form np-Ox
phases. A precedence for recycling of “sedimentary” materials to
“lithogenic” materials is the impactites from Meteor Crater (see
section 7.0). Pyroxene, olivine, and basaltic glasses were formed
from the projectile and sandstone and dolomite target materials;
the glass subsequently palagonitized.

12. Summary and Conclusions

Our combined multispectral (445-1005 nm), compositional,
and magnetic studies of analogue samples and SNC meteorites,
together with corresponding data from the Mars Pathfinder
mission, provide constraints on the mineralogy of rocks and soils,
the chemical relationship between global Martian soil and local
Pathfinder rocks and soils, and soil-forming' processes and their
timing. The salient results and interpretations are as follows:

1. Ferric minerals (67 samples), both well-crystalline and
nanophase, have strong ferric absorption edges through the
visible spectral region that are responsible for their color and
diagnostic minima (T1) and maxima (M1) that can be used for
phase identification. Unfortunately, only the T1 feature of hema-
tites and the M1 of jarosites are unique and permit relatively firm
phase identification in complex natural samples where more than
one phase may be present. Magnetite and maghemite are strongly
magnetic.

2. Palagonitic tephras (11 samples), mostly from the upper
slopes of Mauna Kea Volcano, are natural powders of composite
particles containing mainly hydrated glass, np-Ox, titano-
magnetites, plagioclase, and olivine. Palagonitization (hydrolytic
alteration) most likely occurred subaerially under ambient
conditions; phyllosilicates are virtually absent. The featureless
absorption edge results from np-Ox and, its magnitude
(R750/R445) varies from sample to sample and between size
fractions of the same sample. The saturation magnetization and
low-field magnetic susceptibility (293 K) for the <l-mm size
fraction range from 0.65 to 1.24 Am2/kg and 8x10-6 to 14x10-6
m3/kg, respectively. Titanomagnetite is the strongly magnetic
phase and, as an opaque mineral, also influences albedo.
Depending on sample, the susceptibility either increases or
decreases with decreasing size fraction of palagonitic tephra.
Relative to unaltered tephra, palagonitic tephra is enriched in
TiO,, Al,O3, Fey03T, and MnO and depleted in SiO;, CaO, K;0,
and NayO for both <l-mm and <2-um size fractions. MgO is
enriched in the <1-mm size fraction and depleted in the <2-pum
size fraction; P»Os is unfractionated in the <l-mm size fraction
and enriched in the <2-um size fraction.

3. Sulfatetic tephras (17 samples), from the summit region of
Mauna Kea, are powders of composite particles containing mostly
sulfate minerals, glass, plagioclase, olivine, and titano-magnetite;
phyllosilicates were not detected.  Sulfatetic (acid sulfate)
alteration most likely occurred hydrothermally while the tephra
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was still hot and HySO4 (from volcanic SO, gases) circu-lated in
the cinder cone. The sulfate usually present was jarosite, but one
sample each was dominated by alunite, hematite, and an unknown
phase. Jarositic tephras have lower R750/R445 values than
palagonitic tephras because R445 is larger in the former. Some
jarositic tephras have a band minimum near 900 nm that is a
characteristic of the mineral. The saturation magnetization and
low-field magnetic susceptibility (293 K) for the <I-mm size
fraction range from 0.38 to 1.45 Am2/kg and 3x10-6 to 14x10-6
m3/kg, respectively; titanomagnetite is the strongly magnetic
phase. Relative to unaltered tephra, jarositic tephra is slightly
enriched in TiO, and Fe,O3T, depleted in MnO and especially
MgO, and unfractionated in SiO,, Al,O3, CaO, K,0, NayO, and
P,0s. SOs contents of sulfatetic tephras range from 0.6 to 9.3%
(<1-mm size fraction).

4. Basaltic materials hydrothermally altered at steam vents
were obtained from Sulfur Bank (eight samples) and Mauna Ulu
(one sample) on Kilauea Volcano. For Sulfur Bank samples most
to all of lithogenic minerals were altered; residual feldspar and
clinopyroxene are present in a few of the samples. Poorly
crystalline hematite and goethite, cristobalite, and in some cases
halloysite were the alteration products. For the Mauna Ulu
sample, akaganéite, glass, and possibly other amorphous products
are present; akaganéite implies that the alteration took place in the
presence of chloride ion. The steam vent samples have ferric
absorption edges and, except for Sulfur Bank samples that have
clinopyroxene, shallow band minima associated with the ferric
oxide. The clinopyroxene-bearing samples have a ferrous
pyroxene band centered just outside the IMP range at ~1000 nm.
The saturation magnetization and low-field magnetic
susceptibility (293 K) for the <l-mm size fraction range from
0.91 to 1.55 Am2/kg and 1x10-6 to 16x10-6 m3/kg, respectively,
for Sulfur Bank samples. We do not have firm evidence, but the
magnetic phase is probably titanomagnetite or titanomaghemite.
For the Mauna Ulu sample the saturation magnetization and
susceptibility are 0.00 Am2kg and 0.24x10-6 m3/kg, respec-
tively, indicating that only weakly magnetic or nonmagnetic
phases are present. Relative to unaltered materials, all Sulfur
Bank samples are enriched in TiO;, Fe;OsT, and P,Os and
depleted in SiO,, CaO, NayO, and K,0. AlLO; is usually
depleted, and MnO and MgO are depleted only in the samples
that do not have residual ferrous silicates.

5. Impactites from Meteor Crater (Arizona) contain quartz,
pyroxene, olivine, goethite, and maghemite. Quartz is residual
target material, and maghemite and possibly goethite are
oxidation products of the impacting iron meteorite. Pyroxene and
olivine are not target lithologies but are formed from the
projectile (FeO source) and target sandstone (SiO, source) and
dolomite (CaO and MgO source). Maghemite-bearing impactites
are strongly magnetic.

6. Alteration rinds ~200 pum thick on two basaltic rocks are
sufficient to block multispectral detection of ferrous silicate bands
that are present in freshly broken surfaces. However, the rinds
were only moderately enriched in ferric iron relative to rock
interiors, as shown by backscatter Mdssbauer spectroscopy.

7. Multispectral data were obtained on eight SNC meteorites.
The basalts (EET79001, Shergotty, and Zagami) and ortho-
pyroxenite (ALH84001) have a minimum near 930 nm corres-
ponding to ferrous iron in low-Ca pyroxene. The lherzolite
(ALH77005) and clinopyroxenites (Nakhla, Lafayette, and
Governador Valadares) have negative spectral slopes shortward of
1000 nm from the high-energy wing of ferrous olivine and/or
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high-Ca pyroxene bands centered at wavelengths longer than
1000 nm.

8. Because ferric-bearing phases (excluding Fe-Ti spinels)
have strong ferric absorption edges at visible wavelengths (high
values of R750/R445), there is a positive correlation of
R750/R445 (red/blue slope) and Fe3+/Fe2+ for analogue samples.
To some extent, the correlation results from mixing fine-grained
material with high values of R750/R445 and Fe3+/Fe2+ (the pro-
ducts of oxidative alteration) with relatively coarse-grained
material with low values of R750/R445 and Fe3+/Fe2* (relatively
unaltered material).

9. On a plot of R670/R445 versus R750/R445, ferric minerals,
analogue samples, and Pathfinder rocks and soils all fall along the
same trend line. On the basis of analogue samples, the minimum
value of R750/R445 for Pathfinder rocks (~2.0) implies values of
Fe3+/Fe2+ in the range 0.7-3.0. The maximum value of
R750/R445 for Pathfinder soils (~7.0) implies values of Fe3+/Fe2+
in the range 3-20.

10. Plots of BD600 and R800/R750 versus BD530b, which
are measures of the strength of spectral features in the ferric
absorption edge and the position of the reflectivity maximum
(M1), are consistent with the dominant ferric-bearing material
being np-Ox occurring in composite particles plus a well-
crystalline ferric mineral. For the crystalline ferric mineral,
hematite and/or hematite plus nanophase goethite are most
consistent with the data, but nanophase goethite by itself,
maghemite, akagenéite, schwertmannite, and nanophase lepido-
crocite are also possible interpretations. The ferric oxides that are
consistently not favored by the data as sole alteration products are
jarosites and well-crystalline goethite and lepidocrocite.

11. The spectral region between 750 and 1000 nm provides
evidence for ferrous iron. A subset of rocks and soils has a weak
minimum near 930 nm (Bright II soils), which corresponds to the
ferrous band from low-Ca pyroxene in basaltic and ortho-
pyroxenite SNC meteorites. A similar band (assigned to low-Ca
pyroxene) is also observed in the composite spectrum of the Oxia-
Palus dark region, which is derived from telescopic and Phobos-2
data. A second subset of spectra is characterized by a negative
spectral slope from ~800 to 1000 nm. It could result from the
high-energy wing of a ferrous high-Ca pyroxene/olivine band as
in the clinopyroxenite SNC meteorites or Meteor Crater
impactites, a mixture of bright and dark materials like some
palagonitic tephras, and/or thin coatings of bright dust on dark
rocks. In any case, there is spectral evidence for ferrous silicates
in both Pathfinder rocks and soils. The spectrum of the Surface
Dust (and magnetic dust), however, does not show evidence for
ferrous silicates.

12. Instead of ferrous iron, the 930-nm band can be assigned
to the ferric oxides that have T1 values near 930 nm and satisfy
the constraints discussed above for the ferric absorption edge
(nanophase goethite, maghemite, akagenéite, and schwert-
mannite). It is possible that these ferric minerals and low-Ca
pyroxene are both present.

13. Chemical data for Pathfinder rocks and soils are consistent
with two-component mixtures between an “andesitic” rock with
low MgO and SOj3 concentrations (the Pathfinder soil-free rock)
and a global, more basaltic soil with high MgO and SO3
concentrations (the Pathfinder rock-free soil). The Pathfinder
rock-free soil can be modeled as a chemical (but not
mineralogical) mixture of SNC meteorites and the Pathfinder soil-
free rock.

14. Chemically, Pathfinder soil cannot be derived from
Pathfinder rocks by any of the hydrolytic and sulfuric alteration
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processes we studied for analogue samples. Chemical fractiona-
tion during alteration undoubtedly took place, but its signatures
have been erased by mixing processes that produced a global-
average soil (the Pathfinder rock-free soil), so that local soils are
not derived solely from local rocks.

15. The strongly magnetic phase in palagonitic and sulfatetic
tephra is titanomagnetite and/or possibly its oxidation product
titanomaghemite (collectively Fe-Ti spinel) and is thus lithogenic
in origin or has a lithogenic precursor. The saturation magnetiza-
tion of tephra samples (~1.0 Am2/kg for the <1-mm size fraction)
is too low to satisfy the value (4+2 Am2/kg) inferred for Martian
dust. Despite this, Fe-Ti spinels cannot be excluded as the
strongly magnetic minerals because they may be present in higher
concentrations in Martian dust and because simulation
experiments using palagonitic tephra with a Pathfinder Magnet
Array on Mauna Kea Volcano reproduce Pathfinder results. The
latter consideration implies that the saturation magnetization may
not be the appropriate parameter to infer whether or not a material
will satisfy the constraints of the Pathfinder Magnetic Array
experiment.

16. The predominantly palagonitic spectral signature and
magnetic nature of Martian soil and dust are consistent with
glassy precursors with imbedded Fe-Ti spinel particles.
Comparison with lunar glass production rates suggests that
production of sufficient quantities of glassy materials on Mars by
volcanic (e.g., fire fountaining) and impact processes is sufficient
to account for these observations.
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